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Quantum  Transport  in  Semiconductor-Coupled 
Superconducting  Junctions 


Hideaki  TA  KAYANAGI 

NTT  Basic  Resaecrk  Laboratories 
3-1,  Morinosato-Wakamiya,  Atsugi-shi,  Kanagnwa 
243-01  Japan 


We  investigate  normal  transport  of  superconducting  jxinctions  which  couple 
with  a  two-dimensional  electron  gas  (2DEG)  in  the  semiconductor  heterostruc¬ 
ture  in  the  ballistic  transport  regime.  Subharmonic  energy-gap  structures,  en¬ 
hancement  of  the  quantized  conductance  in  a  ballistic  quantum  point  contact, 
and  resistance  minimum  as  a  function  of  gate  voltage  in  a  two-gated  junction 
are  observed.  These  phenomena  originate  from  Andreev  reflection  that  an 
incident  electron  is  refelcted  eis  a  hole  at  the  supercondcutor-2DEG  interface. 


1  Introduction 


A  semiconductor-coupled  superconducting  junction  has  been  studied  for  more  than 
twenty  years  in  a  long  history^  of  studies  of  quantum  transport  in  superconductor- normal- 
metal  (S-N)  or  S-N-S  junctions.  In  1985  an  epoch-making  technology  was  developed:  the 
critical-current  control  by  gate  voltage.^^  A  gate-fitted  semiconductor-coupled  Joscphson 
junction  is  a  very  strbng  tool  for  the  study  of  quantum  transport  concerned  with  supercon¬ 
ductivity,  since  the  electron  state  in  the  semiconductor  can  be  changed  systematically  by 
varying  the  gate  voltage.  The  p-type  InAs-coupled  junction  has  provided  the  interaction 
effects  associated  with  Anderson  localization  on  the  critical  current  and  mesoscopic  fluctu¬ 
ations  of  the  critical  current.®  This  type  of  device  has  also  been  studied  from  the  viewpoint 
of  a  Josephson  field  effect  transistor  (JOFET).®’" 

At  the  first  stage  of  the  study  of  a  semiconductor-coupled  junction,  a  semiconductor 
in  the  diffusive  transport  regime  [i  <  L)  was  used.  Here,  £  is  the  mean  free  path  in  the 
semiconductor  and  L  is  the  sample  size.  A  superconducting  junction  coupled  wuth  a  semi¬ 
conductor  heterostructure  in  the  ballistic  transport  regime  {i  >  U)  has  been  deveioped 
along  wuth  progress  in  the  semiconductor  crystal  growth  technology.  The  combiuai.ion  of 
the  gate-control  and  high-mobility  semiconductor  has  resulted  in  interesting  quantum  phe¬ 
nomena:  quantization  of  the  critical  current  in  a  .superconducting  quantum  point  contact 
Fabry-Perot  interference  ofThe  critical  current,’^  and  focusing  of  Andrcev-rcfleeted  lioles.’^^ 
The  combination  has  also  provided  a  JOFET  with  a  voltage  gain  of  over 

In  thi.s  paper,  vve  report  normal  transport  concerned  witli  Andreev  reflection  in  a  super¬ 
conducting  junction  coupled  with  a  semiconductor  hetcrostructure  in  the  ballistic  trar.spor: 
regime.  Supercoirducting  t  ransport  in  the  junction  will  be  reported  elsewhere.*;' 
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Figure  1:  (a)  Schematic  view  of  a  typical  semiconductor-coupled  Josephson  junction.  A  supercurrent  can 
flow  through  the  2D1':G  between  the  superconducting  Nb  electrodes,  (b)  Measured  subharmonic  energy-gap 
structures  due  to  multiple  Andreev  reflection  in  a  junction  shown  in  (a). 


2  Junction  Structure 

Figure  1(a)  illustrates  a  typical  structure  of  the  semi  conductor- coupled  Josephson  junc¬ 
tion.  The  junction  uses  an  InAs-inserted-channei  inverted  lno.52Alo.48As  /  Iuo.53G^.47As 
modulation-doped  heterostructure  as  the  normal  metal,  fhe  hetero, structure  used  in  this 
study  was  grown  by  molecular  beam  epitaxy  (MBE)  on  an  Fe-doped  semi-insulating  (100) 
InP  substrate.  All  InGaAs  and  InAlAs  layers  were  lattice  matched  to  InP.  We  fixed  the 
InAs  quantum-well  thickness  at  4  nm  and  the  insertion  position  (the  distance  between  the 
InAlAs  spacer  layer  and  t]ie  InAs  quantum  well)  at  2.5  nm. 

The  charge  distribution  in  the  heterostructure  was  obtained  by  solving  the  Scbrodmger 
and  Poisson  equations  self-consistently.  The  calculated  results  showed  clearly  that  a  two- 
.limensiona,]  electron  gas  (2DEG)  is  well  confined  in  the  inserted  InAs  layer.  The  sheet 
carrier  density  Ns^  mobility  (i,  and  the  effective  mass  m*  for  the  2DLG  were  respectively 
measured  at  10  K  as  2.3  x  cm-^  111,000  zm^/Vs,  and  0.45  by  Hall  measurement, 
where  rn^  is  the  free  electron  mass.^®  This  high  mobility  of  the  2DEG  seems  to  be  attributed 
to  a  decrease  in  scattering  due  to  ionized  impurities  and  interface  roughness.  We  also  used 
another  hetcrostructure  witli  the  same  structure  but  different  A,  and  ;i.  N,  and  fj,  were 
measured  to  be  2.4  x  10’^  cm'^  and  31,000  crnVVs,  respectively.  The  mean  free  pat’  of  t!  e 
2nElG  f  is  2.8  /tm  for  the  first  heterostructure  and  0.8  /nm  for  the  second  one. 

We  used  Nb  as  the  superconducting  electrode.  Nb  has  a  critical  temperature  of  about 
9  K  and  an  energy  gap  of  1.5  meV.  The  fabrication  process  of  the  junction  is  not  described 
details  of  tiic  device  fabrication  are  iepotl,c*d  elsewhere.'®  We  only  note  that  the  rf 
sputter  cleaning  of  the  labels  from  the  undoped  IriGaAs  to  the  undoped  InAlAs  before 
Ihe  Nb  deposition  is  essential  to  obtain  a  supercurrent.''^  The  supercurrent  flowed  through 
the  2I)EG  due  to  the  superconducting  proximity  effect  or  Andreev  reflection.  From  Jte 
in.-asnred  values  of  Ns  and  in',  the  coherence  lei.gth  =  hvfl2T^kuT  in  the  clean  limit 
wa',  (  alculaled  to  l.e  1.2  pin  at  1  K,  where  vp  is  the  Fermi  velocity  of  the  2DEG.  'Iherefore, 
if  the  rlislanc-  between  the  two  sr uercondiictors  L  is  shorter  than  the  mean  free  path  of  the 
■.’IM'G  tireitf  ined  abo'’e,  I  lie  S  N  S  junction  belongs  to  the  clean  limit  [C  >  Gv)  with  ballistic 
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transport  {£  »  L).  As  shown  in  Pig.  1(a),  the  junction  has  a  gate  located  directly  on 
the  heterosturucture  and  shows  a  high  controllability  of  both  the  critical  current  and  the 
junction  normal  resistance  by  gate  voltage,^^ 

3  Normal  transport  in  the  context  of  Andreev  reflection 
S‘t  Multiple  Andreev  reflection 

We  will  first  show  one  of  the  most  typical  phenomena  in  the  ballistic  S-N-S  junction: 
mutiple  Andreev  reflection  (MAR).  An  incident  electron  from  the  normal-metal  (N)  side  is 
reflected  as  a  hole  at  a  S-N  interface.  This  is  Andreev  refelction  and  this  effect  provides 
an  increase  in  the  conductance  of  a  S-N  junction.^®  Consider  a  S-N-S  junction  with  a  zero 
potential  difference  between  two  suprconductors  (V  =  0).  The  electron  and  hole  can  travel 
infinite  times  between  two  S-N  interfaces.  This  results  in  a  supercurrent.  Eventhough 
K  >  0,  the  electron  and  hole  can  travel  many  times  between  two  interfaces  provided  V  < 
2/4/e,  where  A  is  the  energy  gap  of  the  superconductor.  MAR  can  be  observed  in  the 
form  of  subharmonic  energy-gap  structures  on  the  current-voltage  characteristics.  The  first 
observation  of  such  structures  in  a  semiconductor-coupled  junction  was  reported  in  a  Nb-Si- 
Nb  system.*®  This  was  followed  by  a  junction  reported  in  this  paper.® 

Fig.  1(b)  shows  a  measured  differential  resistance-bias  voltage  {dV/dl  —  V)  curve  for  a 
junction  with  L  —  0.6  pm.  Dip  structures  were  observed  near  voltages  eqaul  to  2Ajnc,  with 
n  =  1,2,3,4.  A  careful  observation  of  the  dVfdl  ~V  curve  gives  us  a  structure  for  n  =  5. 
These  structures  are  subharmonic  energy-gap  structures  due  to  MAR.  The  mean  free  path 
of  the  used  2DEG  was  0.8  pm.  Therefore,  it  is  shown  that  even  a  junction  with  Z,  w  f  shows 
high-order  subharmonic  structures  at  a  low  temperature. 

If  the  considered  energy  E  is  less  than  A/e,  the  Andreev  reflection  probability  A{E) 
and  the  normal  reflection  probability  B{E)  satisfies  the  condition  that  A{E)  +  B{E)  =  1. 
fleal  junctions  always  have  non-zero  B{E)  because  of  the  Shottoky  barrier  at  the  interface 
or  the  difference  in  the  Fermi  velocity  between  the  superconductor  and  the  normal  metal, 
ft  is  noted  that  a  normal  reflection  at  the  S-N  interface  is  essential  for  the  observation  of 
subharmonic  energy-gap  structures.®® 

3.2  Conductance  of  a  superconducting  quantum  point  contact 

It  is  well  knowm  that  a  quantum  point  contact  (QPC)  shows  a  quantized  c<mductance 
in  units  of  This  is  the  experimental  confirmation  of  tlie  Landauer  formula  Or;  ~ 

2e‘^/k'£^Tn,  where  Tn  is  the  transmission  eigenvalue.  A  similar  equation  was  obtained  for 
the  conductance  of  a  S-N  junction;  Ga  =  4e®/ft^„T®/(2  —  r„)®,  provided  that  A(/?)  —  1 
and  B{E)  =  0.®®  This  equation  predicts  that  a  QPC  having  a  S-N  interface  with  a  perfect 
Andreev  reflection  shows  the  conductance  doubling  Ga  =  2(7jv  because  T„  is  1  or  0. 

Figure  2  (a)  shows  a  SEM  photograph  of  a  superconducting  quantum  point  contact 
(SQPC).  The  used  semiconductor  heterostructure  was  the  same  as  that  :n  Fig.  1  (a)  with 
(  =  2.8  pm.  A  SQPC  consists  of  a  split  gate  between  t>vo  S-N  interfaces.  It  was  tlieoreti- 
cally  predicted  that  the  critical  current  of  a  SQPC  was  quantized  instead  of  its  conductance 
quantization.  Quantization  of  the  critical  current  wa-s  observed  experimentally  by  using 
a  SQPC  shown  in  Fig.  3  (a).*®  Then  what  is  the  behavior  of  the  conductance  in  a  SQPC  ? 
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f  igure  2:  (a)  SEM  photograph  of  a  superconducting  quantum  point  contact,  (b)  Zero-bias  conductance  in 
a  superconducting  quantum  point  contact  as  a  function  of  gate  voltage. 

Fig.  2  (b)  shows  a  measured  zero-bias  conductance  in  a  SQPC  as  a  function  of  gate  voltage 
applied  to  the  split  gate.  It  is  shown  that  the  step  height  is  a  little  bit  larger  than  2e^/A 
but  is  not  double  of  2e^{h.  This  is  because  the  real  S-2DEG  interFxe  has  a  non-zero  value 
of  B{E)  as  discussed  above. 

Andreev  reflection  is  very  unique  in  the  sense  that.the  reflected  hole  returns  in  the  direction 
from  which  the  incident  electron  came  (retro  reflection).  This  retro  reflection  results  in  the 
enhancement  of  the  conductance  in  a  SQPC.  Therefore,  if  the  retro  reflection  is  broken  by 
a  magnetic  field,  the  conductance  step  height  will  approach  2e^//i.  Fig.  2  (b)  also  plots  the 
conductance  of  the  same  SQPC  with  a  magnetic  field  of  860  Causs.  The  reduction  of  the 
step  height  is  dearly  seen.  However,  the  step  for  n  =  2  did  not  change  and  this  behavior  is 
not  yet  '.veil  vinderstood. 

$.3  Resistance  minimum  in  a  S-2DEG  junction  with  two  gates 

A  Nb-InCaAs  contacts  showed  the  differential  conductance  peak  around  zero  voltage.^® 
This  effect  was  explained  by  Andreev  reflection and  by  the  proximity  effect^®.  In  order  to 
observe  the  conductance  peak  (or  resistance  minimum),  disorder  in  the  N  region  is  essentiaJ 
because  the  elastic  scattering  inceases  coherent  Andreev  reflection.  The  calculation  based 
on  the  reflectionless  tunneling  theory  showed  that  the  disorder  can  be  replaced  by  a  tunnel 
barrier,  assuming  ballistic  motion  between  this  barrier  (barrier  1  with  the  transparence  Fi) 
and  the  other  barrier  at  the  S-N  interface  (barrier  2  with  the  transparency  r2).^^  According 
to  the  calculation,  the  resistance  of  a  NI1NI2S  junction  shows  a  minimum  as  a  function  of  the 
transparency  of  barrier  1,  where  !,■  denotes  barrier  i  (i  —  1,2).  We  reported  on  the  resistance 
rhararteristics  in  a  gated  S-N  junction.  Gate  voltage  could  change  the  transparency  of  the 
gate  strvieture  and  the  resisbance  siiowed  a.  minimurn  as  a  function  of  gate  voltage.®^  . 

T'hc  calculation  al.so  shows  that  the  liigli  transparency  of  barrio  2  (a  large  value,  of  r2  for 
(he  S-N  interface)  never  provides  the  i'e.sistanc6  miriiinuin.  If  can  be  decreased,  however, 
the  resistance  rniiiimuni  will  appear  again.  We  have  fabricated  and  inea.sured  a  S-N  junction 
shown  in  Fig.  (a)  in  ordeicto  confirm  this.  Tlie  junction  has  two  gates.  Gate  2  works 
In  cliauge  (he  efleetive  value  of  Therefore,  gate  2  was  fabricated  very  close  to  the  S- 
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Figure  3;  (a)J unction  structure  with  a  two  gate  configuration,  (b)  Zero-bias  resistance  in  the  junction  as  a 

function  of  gate  voltage  1. 


N  interface.  Gate  1  works  as  a  tunnel  barrier.  Fig.  3  (b)  shows  the  measured  zero-bias 
resistance  of  the  junction  as  a  function  of  gate  voltage  applied  to  gate  1,  with 
changing  another  gate  voltage  applied  to  gate  2,  Vg^.  As  clearly  seen,  when  1^2  =  0,  Ro 
shows  a  monotonic  increase  as  increasing  Vgi.  However,  as  increasing  Vg2,  Ro  becomes  to 
show  a  clear  minimum  value.  This  indicates  that  an  increase  in  Vg2  results  in  a  decrease  in 
r2  and  the  resistance  minimum  in  Ro  gradually  appears. 

We  have  also  measured  Rq  with  a  magnetic  field  B  of  213  Gauss.  As  shown  in  the  figure, 
Ro  still  showed  a  minimum  eventhough  its  value  became  slightly  smaller.  B  <  h/eS  is 
required  to  observe  the  conductance  enhancement  when  it  is  due  to  the  elastic  scattering  in 
the  disorder,  where  S  is  the  area  of  the  junction.  213  Gauss  is  strong  enough  to  break  the 
coherence  in  the  diffusive  motion.  But  for  a  ballistic  motion,  the  trajectories  of  the  Andreev- 
reflected  hole  enclose  no  magnetic  flux  and  no  magnetic  field  dependence  is  expected.^®  A 
ballistic  motion  occurs  between  the  interface  and  gate  1,  because  the  used  2DEG  has  a  f 
of  2.8  fim.  So  as  theoretically  predicted,  the  resistance  minimum  showed  no  magnetic  field 
dependence. 


4  Conclusions 

Quantum  phenomena  in  normal  transport  of  mesoscopic-scale  superconductor-semicon¬ 
ductor  junctions  were  reported:  subharmonic  energy-gap  structures,  conductance  enhance¬ 
ment  in  a  superconducting  quantum  point  contact,  and  resistance  minimum  in  a  two-gated 
junction  .  These  phenomena  that  originate  from  Andreev  reflection  could  be  observed  by  the 
combination  of  the  gate  control  technology  and  the  high-mobility  semiconductor  h(t.ero.slni(:- 
ture.  This  combination  will  continue  to  provide  new  and  interesting  quantum  phenomena  in 
the  context  of  Andreev  reflection. 
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Introduction 

The  interference  effect  for  electrons  diffusing  along  a  closea  path  and  the  time- 
reversed  one  results  in  weak  localization  corrections  to  the  conductivity  of  disordered 
conductors  at  low  temperatures  [I].  These  corrections  to  the  metallic  conductivity  are  of 
the  order  of  (kpIl  K  hkj?  being  the  Fermi  quasimomentum  and  /  being  the  elastic  mean  free 
path.  If  magnetic  field  normal  to  the  motion  of  carrier  is  applied  the  interference  is 
d^troyed  because  of  the  phase  shift  between  the  corresponding  amplitudes.  In  a  two- 
dimensional  (2D)  system  this  causes  negative  magnetoresistance  for  the  field  perpendicular 
to  the  plane  but  no  effect  for  the  field  parallel  to  the  plane.  This  anisotropic 
magnetoresistance  has  been  observed  in  a  number  of  2D  system,  such  as  thin  films  or  two- 
dimensional  channels  of  MOS  structures.  We  are  presented  here  the  evidence  of  2D  weak 
localization  effects  in  the  conductance  of  Ge/Gei.xSix  multilayer  heterostructures  and 
highly.anisotropic  single  crystals  Nd2.xCexCuO« . 

Results  and  discussion 

a)  Ge/Gej.:cSix  (x=0.0S) 

We  have  iiT'cstigated  the  diagonal  pxx  and  Hall  pxy  resistivities  as  functions  of 
magnetic  field  B  (up  to  12T)  and  temperature  (T=0.U20K)  for  multilayer  Ge/Ge,-xSi., 
heterostructures  with  a  p-type  conduction  in  the  Ge  layers.  The  conducfivities  per  layer  on 
at  B=0  and  r=0.1K,  hole  sheet  densities  Ns,  mobilities  p  and  some  other  param  Hers  of 
three  samples  are  listed  in  Table  1. 

Fig.  1  shows  the  conductivity  per  one  layer  for  investigated  samples  as  a  function  of 
logr.  The  fact  that  on  varies  logarithmically  with  Tfor  0.1^  7^  12K  is  an  indication  that 
quantum  corrections  due  to  a  weak  localization  or  an  electron-electron  interaction  are 
important.  The  localization  correction  in  2D  system  may  be  written  as  [1]: 

wheie  ,  D  being  the  diffusion  coefficient  and  r,j  ~7  ^  is  a  phase-breaking  time. 

A  best  fit  to  the  lines  for  7=(0.1-3-12)K  gives  exponents  in  the  temperature  dependence  of 
T,  close  to  p=I  or  p~2  which  correspond  to  electron-electron  scattering  mechanism  of 
phase  relaxation  in  ’’pure”  (p^2)  or  “dirty”  (/)=!)  limits  [2].  The  estimate  of  the  pha.se 
coherence  length  gives  L,f  ~10-*cm  at  T=2K.. 
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where  B^=!ic/4eL^^,  B,r=  hc/leP  and  vj/  is  the  Digamma  function.  The  equation  (2)  was 
derived  in  the  framework  of  diffusion  approximation  as  for  B«B„  closed  paths  with  many 
collisions  are  important.  Weak  localization  effect  beyond  the  diffusion  approximation  for 
b>B„  has  been  treated  by  Dyakonov  [4].  According  to  [4j  the  asymptotic  high  field 
(,&»/?„)  behavior  is 

Fig.2  shows  the  resistivity  p^j,  as  a  function  of  B  at  different  temperatures  for  one  of 
the  Ge/Get.xSix  samples.  The  suppression  of  localization  effect  by  magnetic  field 
perpendicular  to  the  layers  of  heterostructure  leads  to  the  negative  magnetoresista nee  for 
5  IT  at  r  <  I2K..  In  the  investigated  samples  Ge/Gei-xSix  the  mean  free  path  felO^  A  and 
B,r  =0.03  T.  Fig.3  shows  the  fit  of  curves  aa(jB)  to  the  numerical  calculation  of  Dyakonov 
for  \<B/B,<'iO.  Ihe  absolute  value  of  quantum  correction  to  the  conductivity  was 
extracted  from  this  fit:  Act=(1. 9=2.2)  e^/7di  at  T^(1.1=2.7)K.  To  compare,  the  estimated 
values  of  Ac  for  AIGaAs/inGaAs/GaAs  quantum  wells  are  in  the  range 


b)Nd2.xCexCuO4.s(x~0.18,x-0J2)  . 

The  crystallographic  structure  of  Nd2.xCexCu04-6  is  the  simplest  among  the 
supciconducting  cuprates:  each  copper  atom  is  coordinated  to  four  oxygen  atoms  in  a 
simple  planar  structure  without  apical  oxygen.  The  single  cr>'stal  may  therefore  be 
regarded  as  an  analog  of  a  2D  system:  a  collection  of  2D  conducting  CuOa  planes 
separated  from  each  other  by  a  distance  d  «  6  A  [6].  In  accordance  with  such  a  structure, 
I'id2.xCexCu04.fi  single  crystals  have  a  high  anisotropy  factor  of  the  resistivity  in  the  normal 
phase  pc/pat)=10'h 

In  the  superconducting  sample  Ndi.s2Ceo,i8Cu04-6  (7r=6K)  the  normal  state  tiarisport 
at  low  T  is  hidden  unless  a  magnetic  field  B>Bc2  is  applied  (the  second  critical  field  5<.2=3T 
at  7'-2K).  We  have  destroyed  superconductivity  by  a  field  perpendicular  to  CuOj  planes 
and  observed  the  logarithmic  upturn  in  the  normal  state  resistance  at  low  T  (Fig.4)  and 

negative  magnetoresistance  in  fields  higher  than  (Fig.5). 

For  noTi-superconducting  sample  Ndi.8*Ceo.i2Cu04.«  we  have  measured  the  resistance 
in  perpendicular  and  parallel  fields  at  1.9  and  4,2  K  for  B  up  to  5.5  T.  We  observed  a 
highly  aiiisotropic  negative  magnetoresistance  (Fig.6).  The  curves  for  perpendicular  field 
may  be  fitted  by  the  functional  form  (2)  predicted  by  2D  weak  localization  theory  in 
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diffusion  approximation  (B,r=  20  T  and  then  we  have  B  «  From  the  fit  we  have 
L^=77l)Aat7-1.9K 

The  effect  of  weak  negative  niagnetoresista*'ce  in  fields  parallel  to  CuOz  planes(Fig.6) 
we  explain  including  the  finite  thickness  (d)  corrections  to  the  strictly  2D  theory  [7]: 

+  (3) 

where  K'=cfi/eBi.  By  fitting  (3)  to  the  parallel  field  cuiwe  at  T=L9K  we  estimate  the 
effective  thickness  of  a  conducting  Cu02  layer:  d=\.5  A. Thus  all  our  data  confirm  that 
Nd2  xCe>:Cu04-s  crystal  may  be  described  as  a  set  of  almost  decoupled  2D  metallic  sheets. 

Conclusions 

Thus,  the  2D  weak  localization  effects  manifest  themselves  as  in  the  artificial 
Ge/Gei-xSix  so  in  the  natural  Nd2.xCexCu04-s  multilayered  systems  with  a  true  metallic 
conduction  in  a  layer  (M>10).  The  essential  parameters  typical  of  investigated  samples  are 
listed  in  Table  2.  One  can  see  that  both  systems  are  really  two-dimensional  relative  to  the 
efiect  of  weak  localization:  d/L^«l.  Moreover  the  conditions  of  carrier  confinement  kpd~l 
are  also  fulfilled. 


Table  2 


Sample 

iVj,  cm-^ 

kf,  cm-' 

/,  cm 

d.k 

L,(2K), 

cm 

kfl 

kfd 

d/L/ 

B,nT 

Ge/Gei-xSix 

2.4a  I  O' > 

1.2x10“ 

1,2x10-5 

m 

1x10-'* 

14 

on 

2x10-7 

3x10-7 

Nd:.xCexCu04.5 

6.6x10''* 

6x107 

4x10-7 

1.5 

7xl0-« 

24 

0.9 

2x10-3 

20 

While  the  values  of  parameter,  kpl  are  close  to  each  other  in  tVv'O  materials  more  than 
an  order  of  magniiude  difference  in  mean  free  path  values  /  (and  so  in  kf  values)  takes 
place,  As  a  consequence  we  have  nearly  three  orders  of  magnitude  difference  in  the  values 
of  the  characteristic  field  B„.  It  allowed  us  to  investigate  the  localization  corrections  not 
only  in  traditional  low  field  region  B«B,r  where  diffusion  approximation  is  valid  but 
also  in  interesting  high  field  region  where  closed  paths  with  only  a  few  collisions  are 
essentia! 
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HIGH-TEMPERATURE  MESOSCOPICS  ANO  QUANTUM  QUASI-lD 
PERCOLATION-LIKE  CONDUCTIVITY  OF  STRONGLY  DISORDERED 
FIELD-EFFECT  SYSTEMS 

B.A.Aronzon”,  D.A.Bakaushiw'’,  N.K.  Chumakov",  E.Z.Meilikhov", 
V.V.Ryl'kov"’^  and  A.S. Vedeneev'’ 

"Russian  Research  Center  “Kurchatov  Institute”,  123182  Moscow,  Russia 
'’institute  of  Radioengineering  &  Electronics,  141 120  Fryazino,  Moscow  reg.,  Russia 


Mesoscopic  phenomena  accompanied  by  quantization  of  conductance  were  found  lo 
be  characteristic  feature  of  qua5'i-2D  MIS  FETs  with  high  concentration  of  built-in 
charges. 


INTRODUCTION 

Disordered  systems  witii  the  exponentially  wide  spread  of  local  conductivi¬ 
ties  are  known  to  have  percolation-like  behaviour  [1].  For  systems  of  this  type,  the 
length  of  conductance  self-averaging  is  characterized  by  the  correlation  radius  Lc 
and  defines  the  size  of  cells  of  the  percolation  cluster  [2],  If  the  system  sizes  are 
about  of  L^,  self-averaging  fails  and  the  system  becomes  to  be  mesoscopic  one. 
Commonly,  the  mesoscopic  effects  are  observed  in  tlie  case  of  hopping  conductivity 
when  the  temperature  T  is  low  enough  [3].  However,  as  it  will  be  shown  below, 
mesoscopic  effects  can  be  observed  at  relatively  high  temperatures  ('f  77  4-300 

K),  even  in  stnictures  of  macroscopic  sizes  exceeding  or  in  low-channe!  FETs, 
disordered  due  to  built-in  charge  of  hi»;l'  concentration  V,  in  the  under-gate  insula¬ 
tor. 


EXPERIMENTAL 

The  MNOS  structures  with  inversion  n-type  channel  were  fabricated  on  the 
low-doped  Si-substrate.  The  under-gate  insulator,  the  320  A  thick  and  tlie  50 
A  thick  Si02  layers,  provides  controllable  recharging  of  electron  traps  at  the  Si02" 
Si3N4  interface.  The  field-effect  curves,  i.e.  tlie  channel  conductance  G  dependence 
on  the  gate  potential  Vg,  measured  at  different  V,  are  shown  in  Fig,  1 .  The  inscit  il¬ 
lustrates  the  effective  (apparent)  electron  state  density  N„  calculated  fonually  using 
standard  field-effect  approach  [4],  The  Hail-effect  measurements  were  also  earned 
out  (Fig.2). 
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In  FETs,  when  N,  becomes  much  higher  than  cm'^  GfP'g)  curv'es 

manifest  an  additional  threshold  V,j  independent  of  Nt  (Fig.l).  Wlien  the  a 

peak-like  peculiarity  of  the  apparent  Nss  spectrum  appears  at  G  V/7i  regardless  of 
variations  T  or  Nf  The  result  contradicts  to  the  concept  of  localized  electron  states 
fonned  by  FP  [5]. 

Notice  that  in  analogous  Si-MNOS  structures  with  sizes  exceeding  the 
effect  of  this  kind  was  not  observed,  and  .V,/G>ftinctions  were  in  accordance  with 
the  theory  [5]  (insert  at  Fig.2).  The  Hall  effect  in  those  structures  manifested  a 
thieshold-like  character.  Witli  Kg  reducing,  the  Hall-effect  voltage  dropped  and 
became  zero  when  the  inversion  channel  conductivity  turned  to  less  than  Dis¬ 
appearance  of  the  Hall  effect  was  accompanied  by  appearance  of  mesoscopic  fluc¬ 
tuations  of  transverse  voltage  drop  between  tire  Hall-potential  probes  [6], 

Analogous  peaks  of  M/Gj-functions  at  G  ~  e^/h  were  observed  at  Yi 
in  GaAs-AIGaAs  HEMTs  and  GaAs  IvlESFETs  disordered  due  to  FP  of  ionized  do¬ 
nors  in  doped  layers.  Conductivity  quantization  was  also  found  in  back-gated  Si- 
SiGe  sele:tively  doped  hetero-strucUires  with  quasi-2D  hole  channel  at  7’  =  0.35  - 
4.2  K  (the  channel  Icngtli  and  widtii  were  200  pm  and  20  pm  respectively), 

DISCUSSION 

Our  consideration  is  based  on  the  percolation  theory  [1]  applied  to  the  case 
of  ffee-electron  transport  in  qiiasi-2D  systems  disordered  by  the  strong  FP  [5].  We 
also  account  of  the  natural  anisotropy  of  the  percolation  system  conductance:  when 
the  structure  length  L  is  about  Lc  while  its  width  IF is  much  more  compared  with  the 
latter,  the  conductance  G  is  controlled  by  tlie  existence  of  relatively  low-probable 
(but  low-resistant)  single  percolation  path  shunting  the  source-to-drain  space  [7], 
This  .shunting  is  more  essential  if  W/L  ratio  is  higher  and  FP  is  stronger,  that  was 
confirmed  by  our  computer  simulations. 

In  the  case  of  Si-MNOS  FETs  the  percolation-like  conductivity  occurs  that 
results  in  two-threshold-like  G(Vf)  curves.  The  first  threshold  K/;  is  associated  with 
appearance  of  the  low-resistant  percolation  path,  while  the  second  one  is  caused  by 
screening  followed  by  the  transition  to  effective  medium  [1,5J. 

We  consider  the  physical  pichue  as  follows.  At  Kg  <  K,y  (low  concentration 
of  electrons  in  the  FET  channel),  statistic  fluctuations  of  the  built-in  charge  density 
fmn  low-resistant  regions  with  the  local  potential  much  lower  than  tlie  average 
level.  These  regions  are  comiected  each  to  other  uith  high  resistant  passing  bonds 
forming  the  only  percolation  path  with  the  length  of  about  L.  The  path  resistance  is 
controlled  by  tlie  most  resistant  passing  (bonding)  region.  It  is  of  principal  for  our 
case  that  FP  correlation  function  naturally  defines  two  spatial  scales.  There  are  mac- 
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Hall-effect  mobility,  cm"V  V+s 


Fig.  1.  Field-effect  curves  for  Si-MNOS  transistor  (Z,-5^m,  1V=50  fim)  at  different  concentration 
of  built-in  charge,  ,V^2.5'10’*  (1),  5.3-10'^  (2),  and  6.510*^  cm'^  (3).  The  insert  shows 
effective  electron  state  density  spectrum  N^fG),  Co  is  the  undergate  capacitance. 


Fig,  2.  Hall-effect  mobility  vs.  channel  conductivity.  The  insert  illustrates  the  effective  electron 
state  density  spectmm,  A~40  meV  is  the  characteristic  energy  scale  of  the  FP. 
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roscopic  scale,  about  tlie  screening  radius  Rs,  and  the  micrcscopic  one,  about  tiie 
average  distance  between  the  electron  channel  and  built“in  charge  planes  [5],  "riie 
first  scale  tletennines  a  size  of  regions  with  reduced  local  potential,  while  tire  sec¬ 
ond  one  controls  the  passing  region  size  (30-100  A)  wliich  is  comparable  with  tlie 
electron  wave-length  and  tiius  the  passing  regior  resistance  is  quantized.  That  is 
why  the  percolation  path  above  mentioned  leads  to  experimentally  observed  addi¬ 
tional  threshold  V.]  and  to  the  quantum  nature  of  the  conductance  at  Wlien 

Kg  rises,  non-linear  electron  screening  of  FP  becomes  stronger.  Tliis  leads  to  de¬ 
creasing  Rs  with  simultaneous  lowering  and  results  in  transforming  initially  quasi- 
ID  percolation  system  into  quasi -20  effective  medium  at  G 

At  last  notice  the  identity  of  field-effect  cur\'es  in  weak-inversion  regime  and 
independence  of  their  thresholds  on  tiie  built-in  charge  density.  It  means  tlie  princi¬ 
pal  possibility  of  Treating  a  new  type  of  reproducible  radiation-proof  short  channel 
transistor  structures  based  on  the  strongly  disordered  low-dimensional  systems. 
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Nonbackscattering  contributfon  to  the  weak  localization 


A.  P.  Dinitriev,  I.  V.  Gornyi  and  V.  Yu.  Kachorovskii 
A.  F.  loHe  Physico-Tcchnical  Ins.ilutc, 
Polylcchmciicskaya26,  Sl.Petcrshurg.  194021.  Russia 


We  show  that  the  enhancement  of  backscattering  respon.sible  for  the  weak  localization  1 1 J  is  ac¬ 
companied  by  reduction  of  the  scattering  in  other  directions.  A  simple  quasiclassical  ’nlerpretation 
of  this  phenontenon  is  presented  in  terms  of  a  small  change  in  the  effective  ditferentia!  cros.s-seclion 
for  a  single  impurity.  The  angular  dependence  of  this  modified  cross-section  for  the  case  of  zero 
magnetic  field  and  the  short-range  in.purity  potential  is  presented  in  Fig.  I. 


Fig  1. 

The  positive  peak  near  (?  =  tt  corresponds  to  the  enhancement  of  back.scattering  described  by 
the  so  called  “fan”  diagrams  (Fig.  2a)  while  the  “haf’diagramms  in  Fig.  2b  are  responsible  tor  the 
decrea.se  of  the  scattering  rate  in  other  directions. 


1.5 


T’l'c  “liaf’  diagrams  were  considered  in  many  works,  but  their  importance  was  not  emphasised 
and  a  clear  quasiclassical  interpretation  of  processes  corresponding  to  these  diagrams  was  never 
given.  Moreover  in  Ref.  [2]  it  was  claimed  that  a  onasiclassical  interpretalton  of  these  processes  is 
not  po.ssible. 

We  show  that  the  process  described  by  “hat”  diagrams,  can  be  easily  interpreted  quasiclassically. 
An  electron  starting  from  point  i  reaches  point  /  by  tv'o  w  lys: 

( 1 )  consecutively  scattering  by  impurities  1 , 2, . . . ,  and  finally  b>  impurity  1  again, 

(2)  scattering  in  the  opposite  order  by  impurities  A^  —  1 , . . . ,  2,  and  having  no  collisions  at  all 
with  impurity  1. 

The  phase  difference  of  the  two  paths  ending  t,i  the  point  /  depends  on  the  lengths  of  the  intervals 
(2, 1),(I,2),(A',  1),(1,/)  and  (/',  .^'■),(2./).  andisgiven  by 

Arti  =  -  r.|  d-  [r2  -  rt|  +  |ri  -  r/v|  +  |r/  -  rij  -  |rAr  -  r,!  -  |r/  -  rjl).  (1.) 

Let  us  fix  the  positions  of  the  points  LI.  /  and  then  integrate  over  the  coordinates  of  the 
impurities  2,  A'.  Becaa.se  of  the  phase  stationiirity  requirement  the  contribution  to  the  conductivity 
arise.s  only  from  the  configurations  in  which  the  points  N  and  2  lie  close  to  the  lines  1—/  and  1— / 
respectively  in  angles  of  the  order  of  (see  Fig.  3),  where  ky  is  the  Fermi  wave  vector,  1 

is  the  mean  free  patli. 


In  this  configuration  Ad  is  equal  to  7,^ro.  It  is  clear  from  Fig.  3  that  the  process  described  by 
“hat’'  di.agrams  can  be  interpreted  as  a  coherent  changing  of  the  scattering  by  the  impurity  1  at  angle 
0.  In  order  to  obtain  the  scattering  reduction  one  should  add  to  A(p  an  additional  scattering  phase 
;ici]uiied  during  the  first  way  after  two  collisions  with  impurity  1  and  take  into  account  the  phase 
fuc  tor  arising  doe  to  integration  over  the  impurity  positions  near  the  stationary  phase  configuration. 
Tlic  resulting  phase  difference  between  the  two  ways  is  equal  to  r. 

Now  an  isotropic  scattering  cross-section  .So  should  be  replaced  by  the  modified  .scattering 
cross-section  which  has  the  following  form: 

Si0)^.%^rCA{j-^0)  +  S\i0).  (2) 

The  second  term  in  the  right  hand  of  Eq.  (2)  corresponds  to  the  coherent  back.scattering  at  small 
angles  of  the  order  of  (L/,  /)-'’.  The  function  A{-  -  0)  is  concentrated  in  this  angle  and  the  integral 
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of  it  over  0  is  equal  to  1 .  The  quaotity  is  proportional  to  the  total  probability  of  return  U '  wbioh 
in  the  diffusion  approximation  is  W  —  ln(L^//)/{7r/‘),  here  is  phase  breaking  length.  The 
function  Si{0)  is  negative  and  corresponds  to  a  decrease  of  scattering  at  angle  0,  being  described 
by  the  diagrams  in  Fig.  2b.  This  function  may  be  expressed  through  the  total  probatiiliiy  ir(^)  for 
an  electron  to  return  to  the  origin  at  an  angle  ft  to  the  initial  direction  of  propagation. 

It  is  easy  to  see  that  the  reduction  of  elastic  scattering  time  due  to  the  coherent  backscaitering 
is  exactly  compensated  by  its  enhancement  due  to  the  reduction  of  the  scattering  at  other  angles. 
At  the  same  time,  since  the  differential  cross-section  is  anisotropic  due  to  the  quantum  con  ections 
(see  Fig.  3).  the  transport  scattering  time  tj,.  changes  and  does  not  anymore  equal  to  the  elastic 
scattering  time.  This  is  the  physical  reason  which  leads  to  the  quantum  corrections  to  conductivity 
of  the  order  of  {kp  l)"'.  We  stress  that  the  de.scriplion  of  weak  localization  in  terms  of  cross-section 
changing  is  possible  only  when  the  “hat”  diagrams  are  taken  into  account.  If  only  the  backscatteriiig 
is  considered,  one  gets  the  correction  to  r,,.  which  is  two  times  greater  than  correct  one. 

Tlie  reduction  of  the  scattering  at  the  arbitrary  angles  leads  to  the  decrease  of  the  quantum 
correction  to  the  conductivit)'.  Within  die  diffusion  approximation  this  decrease  is  small  because 
the  cross-section  Si{0)  is  almost  isotropic.  The  anisotropic  part  of  S\{0)  aiises  mainly  due  to 
triangle  trajectories.  Taking  into  account  the  diagramms  in  Fig.  2b  leads  to  the  appearance  of  an 
additional  factor  1  /2  in  the  argument  of  the  logarithm  in  the  expression  for  quantum  correction  to 
conductivity. 

A  similar  consideration  is  also  possible  when  magnetic  field  is  applied.  In  this  ca.se  the  effective 
cross-section  depends  on  magnetic  field.  In  the  high-field  limit,  when  the  diffusion  approximation 
is  not  valid,  only  triangle  paths  are  important  [3,  4]  and  Si{0)  is  strongly  anisotropic.  Thus  the 
contribution  of  the  diagrams  of  Fig.  2b  differs  from  that  of  the  “fan”  diagrams  by  the  numerical 
factor  only. 

We  calculate  numerically  the  quantum  correction  to  the  conductivity  for  the  total  range  of  the 
classically  weak  magnetic  fields. 
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We  Imvc  invcr-tigated  AC  conductance  of  interacting  electrons  in  a  quantum  wire  structure 
and  found  that  the  electron-electron  interaction  produces  an  appreciable  effect  in  the  frequency 
dependence  of  the  conductance,  especially,  in  t!)c  real  part  of  the  impedance.  The  repulsive 
interaction  results  in  the  increase  of  the  resistivity,  while  the  inter-electron  attraction  leads  to  an 
opposite  effect.  This  phenomenon  is  caused  by  the  reflection  of  boson-like  excitations  of  the 
Luttingcr  liquid  inside  the  quantum  wire  at  the  contacts  with  tlie  leads. 


INTRODUCTION 

It  is  recognized  now  that  the  Coulomb  interaction  is  of  cnicial  importance  for  the  electron  trans¬ 
port  in  na°noslructurcs.  The  prominent  example  of  its  manifestation  in  low-conducting  structures, 
whose  conductance  is  lower  than  c?  jh,  is  the  Coulomb  blockade,  fhe  present  paper  deals  with 
an  open  mesoscopic  system  (such  as  quantum  wire  stnicture)  v/hich  are  highly  conducting,  so 
the  Coulomb  blockade  does  not  appear  therein.  However  in  these  structures  the  electron-electron 
interaction  is  very  important  as  well.  It  makes  the  electron  motion  be  strongly  correlated  which 
results  in  breaking  down  the  ID  Fctmi  liquid  concept.  Instead  of  this,  a  strongly  correlated 
state  of  the  Lutting  liquid  appears  with  boson-like  elementary  excitations.  Investigation  of  the 
Luttinger  liquid  behavior  in  mesoscopic  semiconductor  structures  has  attracted  a  great  deal  of 
attcf'tion  [1].  A  very  imprTant  problem  is  the  experimental  confirmation  or  rejection  of  Lut¬ 
tingcr  liquid  states  in  low-dim.cnsional  structures.  Recent  theoretical  considerations  [2-4]  show 
that  the  Luttingcr  liquid  docs  not  manifest  itself  in  the  DC  conductance  of  quantum  channels. 

This  Finding  agrees  with  the  experiment  [5].  t  t  • 

We  propose  that  AC  conductance  may  be  a  tool  which  will  allow  one  to  find  the  Luttinger 
liqui  ■  behavior  of  interacting  electrons  since  AC  transport  is  strongly  dependent  on  the  charge 
and  cUL.ent  distribution  inside  tlie  structure  [6].  With  this  in  mind  we  use  the  Luttinger  liquid 
approach  to  investigate  the  AC  conductance  of  a  model  structure  which  is  represented  by  a 
quantum  wire  coupled  to  two  electron  rc'ervoirs  those  sen'c  as  leads  (sec  Fig.l). 


THE  MODEL  ,  ,  .  . 

The  Luttingcr  liquid  approach  allows  one  to  consider  low-energy  excitations  in  ID  interacting 
clcctum  systems.  In  the  most  simplest  case  where  the  electron-electron  interaction  may  be 
considered  as  short-range  one  and  back -scattering  may  be  neglected,  the  standard  bosonization 
technique  gives  simple  relations  for  the  obscrv'able  values  of  charge  density  p{x,t)  and  particle 
current  j (a  ,  i)  in  tenns  of  the  boson  phase  field 


2"  dx ' 


e 


vasl'lCjf'JircZlc.msk.su 
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Fig.  1.  A  model  of  quantum  wire  stnicturc.  Curled  lines  show  the  boson  excitations 
generated  inside  the  wire  by  the  external  AC  field.  The  excitations  are  reflected  at  the 
wire  ends  becau.se  their  velocity  is  different  in  the  electron  liquids  of  the  wire  and  the 
reservoirs. 


In  terms  of  the  boson  field  the  Hamiltonian  becomes 


,  fdAA' 

/  dx  V 

/r’  ~  +/ai' 

J-112 

[  J 

where  0.  is  the  momentum  conjugate  to  <I>,  and  K  is  the  interaction  dependent  parameter 


U  is  the  interaction  potential  between  neighboring  electrons  and  ep  is  the  Fermi  energy.  When 
the  interaction  is  repulsive  K  <  1,  white  !\  >  1  corresponds  to  an  attraction. 

The  boson  excitations  are  pair  excitations  of  the  electron  above  tp  and  hole  below  cp.  They 
move  similar  to  sound  waves,  whose  velocity  v  is  renonnalized  by  the  interaction  since  the  latter 
dictates  the  compressibility  of  ID  electron  liquid. 

As  a  model  of  open  mesoscopic  structure,  wc  consider  the  system  as  an  iultomogeneous 
Luttinger  liquid.  Inside  the  wire  the  interaction  parameter  K  ^  1  and  the  velocity  is  v  —  vp/I\ 
(vp  being  the  Fermi  velocity),  inside  the  reservoirs,  where  the  electrons  can  be  considered  as 
free  ones,  K~1  and  v=vpo- 


THE  IMPEDANCE 

The  motion  equation  for  the  Luttinger  liquid  driven  by  an  external  electric  field  E{x)  ] 

was  solved  straightforwardly  without  specifying  the  function  E{x).  In  the  specific  case  of 
^-const  in  the  wire,  we  have  obtained  fbllov.dng  expre.ssion  for  inside  the  wire 


cl.(.r,0  = 


2evKE 


-1  + 


K cos(qx) 


A’cos((?L/2)  -  ism{qLl2) 


where  q  ~  u{v. 

The  current  in  the  external  circuit  is  found  as 

j  = -r  /  dxE{x]j{xJ) 
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Ufiing  equation  (1)  the  admittance  becomes 


V'lu.)  = 


kqL 


i  4-  • 


1  - 


qL  1 


piqL 


7-  (1  -  !<)j[\  +  K)  is  the  reflection  coefficient  of  the  boson  excitation  at  the  points 

X  -  ±/>/2  where  the  v,'irc  contacts  with  the  reservoirs. 

The  low  frequency  limit  of  V'  ==  Vo  ^  cV/r  is  independent  on  the  interaction  (in  agreement 
with  Ref.  [2-5]).  However,  the  interaction  effect  is  essential  in  the  frequency  dependence  of  AC 
conductance.  Of  most  interest  is  the  frequency  behavior  of  the  impedance  Z  =  1/V',  which  ib 
sliowm  in  Fig. 2  for  three  interaction  parameter.  The  case  of  A  =  1  corresponds  to  the  absence  of 
the  (dcctron -electron  interaction.  It  is  worth  to  note  that  in  this  case  the  present  result  coincides 
exactly  with  straightforward  calculations  based  on  the  one-electron  Sebrodinger  equation  [7]. 

In  all  the  cases,  the  real  part  of  shows  strongly  oscillating  behavior  versus  the  frequency. 
At  resonant  frequencies  ReZ  =  0  together  with  KcY  =  0.  The  electron-electron  interaction 
manifests  itself  in  the  shape  of  resonances.  The  repulsive  interaction  gives  rise  to  narrowing 
ol  the  resonances  while  the  attraction  makes  the  resonances  be  more  wider  which  results  in  the 
app'^arance  of  resistance  peaks  on  the  background  of  the  relatively  high  conductance. 


Fig.  2  Frequency  dependence  of  Rq.Z  for  repulsive  interaction  {}<  —  0.2),  attractive 
interaction  (I\-5)  and  noniutcracting  electrons  (dashed  line).  The  frequency  is  scaled 
by  the  time  for  an  electron  to  transit  the  wire  with  the  interaction-renormalized  velocity. 

The  rc.sonanccs  occur  when  the  frequency  is  equal  to  the  inverse  of  the  time  for  an  electron  to 
transit  the  wire  length  with  the  velocity  v  =  u/.  //\  renonnalized  due  to  the  electron  interaction: 
u,'  —  2-KJit;/  h  {ii  is  an  integer).  Under  the  resonance  condition,  an  integer  number  of  charge 
waves  is  kept  within  the  wire  length.  The  charge  density  is  concentrated  only  inside  the  wire. 
In  the  course  of  time  is  redistributed  in  such  a  way  that  the  particle  current  through  the 

contacts  is  absent.  This  is  the  reason  for  which  rm  ReV  0  at  the  resonant  frequency. 

The  effect  of  the  electron -electron  interaction  on  the  resistance  and  the  shape  of  the  resonance 
curve  is  cau.scd  by  tlic  reflection  of  the  boson-like  excitations  at  the  wire  ends.  Under  AC 
conditions,  the  oistribution  of  the  boson  field  generated  by  external  electric  field  inside  the  wire 
is  dependent  on  the  interferciicc  of  the  excitation  waves  reflected  at  the  contacts  of  the  quantum 
wire  witi)  Ihe  reservoirs  where  their  velocity  is  different  (sec  Fig.  1).  Tlv:  rosuHiug  distribution 
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of  the  charge  density  is  dependent  on  the  reflectance  phase,  i.c.  on  whether  r  >  Q  {K  <  1)  or 
r<0(/t:>l). 


Fig.  3.  Frequency  dependence  of  ImZ  for  repulsive  interaction  (K  =  0.2),  attractive 
interaction  (A'=5)  and  non  interacting  electrons  (dashed  line).  The  frequency  is  scaled 
by  the  time  for  an  electron  to  transit  the  wire  with  the  Fermi  velocity. 


The  imaginary  part  of  Z  is  practically  always  negative  (see  Fig.3)  which  corresponds  to  an 
inductance.  The  exception  is  low-frequency  region  in  the  case  of  A'  >  1.  An  interesting  feature 
is  that  in  the  case  of  the  repulsive  interaction,  ImZ  is  approximately  proportional  to  w  which 
allows  one  to  say  about  a  frequency- independent  effective  inductance 


LeJJ  = 


hL 

2e‘^vp' 
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METAL  NANOPROBE  INDUCED  ELECTROSTATIC  QUANTIZATION 
IN  NEAR  SURFACE  DELTA-DOPED  GaAs  STRUCTURE  AT  300  K 
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At  the  nanometer  length  scale,  confinement  in  the  vertical  direction  in  semiconductors 
can  be  controlled  epitaxially  through  the  use  of  multilayered  stnictures.  Using 
iianolithography,  additional  lateral  confinement  can  be  achieved  by  fabncating  submicron 
lateral  sli-uctu'es.  Unfortunately,  due  to  limitation  of  nanolitliograpliy  now  it  is  practically 
impossible  to  create  semiconductor  structures  \Nith  electrical  contacts  and  lateral  sizes  of  10-20 
nni.  Lateral  confinement  can  greatly  extend  our  ability  to  control  electron  energy  levels  in 
semiconductor  devices  at  room  lempcraliire,  when  the  maximum  size  of  the  device  of  ordei  of 
5-10  nm. 

Application  of  the  sliaip  probes  (tip  radius  of  the  order  of  1-5  nm)  in  tunneling 
cxperimeiils  near  tiic  smface  of  semiconductor  results  in  lateral  confinement  of  flowing 
current.  Tims,  electrostatic  lateral  confinement  induced  by  a  nanoprobe  could  solve  the 
problems  of  lithography  limiiatious.  i.e..  create  both  electrical  contact  to  the  semiconductor 
structure  and  lateral  conrincment  of  order  of  5-20  nm  (which  depends  on  tip  radius,  applied 
voltage  and  tip-sample  distance). 

Two  types  of  stnictures  were  studied.  Tlie  first  consists  of  n'  -GaAs  substrate,  500  urn 
iri'ClaAs  bufTcr  layer.  5  nm  unintentionally  doped  (UiD)  layer  ,  Si-doped  delta-layer  with  a 
coiicemratioii  of  2x10'“  cm  L  5  nm  UID  layer  and  S  nm  n‘  cap-layer.  Two  upper  layers  of  the 
stnicturc  is  a  region  wiicre  ialcral  electrostatic  quantization  is  expected  to  occur.  The  second 
siructure  consists  of  thick  n^CiaAs  cpilaycr  on  n’  -(JaAs  substrate. 
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W-nanoprobes  were  electrochemically  etched  and  usually  had  tip  radius  of  2-5  niu  [1], 
IV-characteristics  were  measured  on  an  SPM  with  disablhig  feedback  aud  positive  voltage  on 
the  tip  (in  air  at  T=300  K).  DifTerential-couductance  was  calculated  fr''im  FV-cbaractenstics  by 
digital  differentiation. 

Numerical  solution  of  Poisson  equation  has  shown  that  the  bias  on  the  tip  creates  a 
lateral  confining  potential  in  two  upper  layers  of  the  structure  (total  lliicbiess  of  10  nm).  Tins 
potential  is  approximately  parabolic  with  equidistant  energy  levels.  As  is  well  known,  there  is 
only  one  energy  level  in  V-shape  potential  well  of  delta-doped  Ga.4s  vdth  concentiation  2x 
cm'^.  Therefore,  periodic  conductance  oscillations  as  a  fiinction  of  bias  voltage  v/il!  appear 
when  energy  levels  in  surface  lateral  confining  potential  coincide  with  energy'  level  ii!  delta- 
well. 

rV-measurements  were  done  in  sample  points,  where  tip-surface  barrier  potential  is 
higlier  than  1  V,  which  means  that  this  surface  point  is  contamination  free.  We  obseived 
reproducibly  two  types  of  oscillations  in  differential  conductance  for  the  structure  with  delta- 
well.  For  bias  voltage  from  0  to  IV,  a  period  of  oscillation  was  about  0. 1  V.  Tlie  period  was 
dependent  on  tip-sample  surface  distance.  Taese  oscillations  w'e  connect  with  lateral 
quantization.  For  higher  bias  voltage  (>2  V),  the  period  of  oscillations  was  more  than  0.5  V, 
Wfhich  could  be  attributed  to  field-emission  resonances  due  to  standing  w’aves  between  the  tip 
and  sample.  Tlie  field-emission-resonances  are  usually  observed  for  voltage  higher  than  the 
barrier  potential  [2],  For  the  second  type  of  samjrles  only  field-emission-resonances  were 
observed. 
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Inverted  magnetoresistive  oscillations  in  mesoscopic  aluminum  films 
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In  simply-connected  aluminum  thin-film  structures  in  a  perpendicular  magnetic  .field  /f,  the 
resistance  oscillatiior.s  with  a  period  close  to  the  quantum  of  magnetic  flux  through  the  area  of  the_ 
structuie  were  observed  [1].  This  means  that  when  Abrikosov  vortices  penetrate  into  mesoscopic 
superconducting  film,  the  film  behaves  similarly  to  a  Little-Parks  (LP)  thin-film  interferometer. 

We  report  the  measurements  of  such  structures  at  larger  currents  through  them.  The  film  of 
several  tens  of  nanometers  in  thickne.ss  were  evaporated  thermally  onto  silicon  substrate.  Micron- 
size  structures  with  nan  ow  connecting  lines  (their  width  was  100-200  nm)  were  patterned  with 
e-beam  lithography.  The  measurements  were  carried  out  using  standard  four-probe  technique  in 
superconducting  transition  region  (temperature  was  about  1.2  K). 

At  Imger  currents  through  the  structuie  we  have  found  a  behavior  which  could  be  described 
rather  as  inverted  when  compared  with  the  LP  oscillations;  the  .structure  of  the  resistance  curves 
vs  //  consists  of  sharp  minima,  rather  than  maxima,  i.e.',  the  phase  of  the  observed  oscillations  is 
opposite  to  the  LP  oscillations  on  a  decieasing  background. 

We  propose  explanation  of  new  inverted  oscillations  on  the  base  of  the  work  [2].  At  larger 
currents  the  structure  consists  of  two  parts:  normal  and  superconducting  (connecting  lines  and, 
respectively,  film) .  The  penetration  length  of  nonequi  librium  quasiparticles  from  normal  connecting 
lines  to  superconducting  film  oscillates  when  H  changes.  Because  of  this  the  re.sistance  of  the  N- 
S  boundary  oscillates  and  gives  the  oscillations  observed.  This  mechanism  explairi.s  also  the 
decreasing  background. 

'fhe  work  is  supported  by  Program  “Physics  of  Solid  State  Nanostructures”  and  INTAS. 
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We  present  here  the  study  of  magnetoresistartce  of  aluminum  structure  composed  of  a  ring 
tied  with  tunnel  junction  in  superconducting  transition  region  with  the  magnetic  field  direction 
perpendicular  to  the  ring  plane. 

The  film  of  several  tens  of  nanometers  thick  were  evaporated  thermally  onto  silicon  substrate. 
The  structures  were  patterned  with  e-beam  lithography.  The  Al-Al  tunnel  junctions  were  fabricated 
by  oxydation  of  aluminum  in  a  .single  vacuum  cycle,  using  a  two-angle  deposition-oxj'dation- 
deposition  cycle  [1].  The  width  of  lines  composing  these  structures  was  within  )  00-200  nm  range. 
Tunnel  junctions  area  amounted  several  hundredths  of  square  microns  and  their  resistance  was 
several  thousand  Ohms.  Tunnel  junction  -  ring  distance  was  equal  to  0.5  /xm,  tire  ring  diameter 
being  of  order  1  nm. 

In  studying  the  behavior  of  the  resistance  of  these  structures  in  a  magnetic  field  we  ob.served 
the  oscillations  with  the  period  equal  to  a  quantum  of  magnetic  flux  through  the  ring  area.  Shape  of 
the  oscillations  observed  resembled  that  of  the  Little-Parks  ones.  Their  amplitude  was  very  large 
and  had  the  value  of  about  100  Ohms.  On  the  contrary,  the  amplitude  of  Little-Parks  oscillation 
found  for  separate  ring  was  equal  to  several  tenths  of  Ohms. 

One  could  suggest  the  following  niechanism  of  magnetoresistance  observed  in  the  ring-tunnel 
junction  structure.  The  order  parameter  of  a  ring  is  known  to  oscillate  in  magnetic  field  when  the 
field  changes,  resulting  in  resistance  oscillations  of  the  ring  (Little-Parks  effect).  In  addition,  tlie 
oscillations  of  order  parameter  of  the  ring  influence  directly  the  critical  current  of  tunnel  junction, 
resulting  from  nonlocality  effect  [2],  and  yield  an  added  increase  of  oscillations  amplitude. 

Thus,  we  have  found  a  new  quantum  interferometer  structure.  It  should  be  noted  that  we 
indirectly  have  observed  a  new  transistor  effect  with  the  voltage  gain  of  order  100-1000. 

The  work  i.s  supported  by  Program  “Physics  of  Solid  State  .Nanostructure.^”  and  INTAS. 
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New  magnetoresistive  osciliations  in  connecting  lines  of  ring  structures 
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It  has  been  reported  fl]  that  the  nonlocality  effect  take  place  in  mesoscopic  superoonductinfe 
stncturcs  under  the  conditions  when  coherence  length  of  pairs  is  comparable  to  the  structure  size. 
Magnetoresistive  oscillations  in  connecting  lines  accompany  the  Little-Parks  ones  which  are  the 
magnetoresistive  oscillations  of  aluminum  ring  in  superconducting  transition  region. 

Y.i  the  present  work  we  report  on  the  measurements  of  magnetoresistance  of  similar  aluminum 
rinu  suuctures.  When  carrying  the  current  through  the  structure  we  found  that  depending  on  the 
point  on  superconducting  transition  the  oscillations  of  two  differenaypes  may  be  observed  on  the 
connecting  lines;  tiiose  of  the  type  found  earlier  in  fl]  and  new  oscillations. 

The  fiTms  of  several  tens  of  nanometers  in  thikness  were  evaporated  thermally  onto  silicon 
substrate.  Tlie  ring  sU'uctures  willt  the  lines  of  100-2C0  nm  in  width  were  patterned  with  e-beam 
lithography.  New  oscillatinns  have  the  same  period  as  those  in  [I  J  which  is  equal  to  quanmm  of 
magnetic  fiux  through  the  area  of  ring  but  they  have  a  new  phase.The  phase  of  new  oscillations  is 
siiL.h  that  maximumls  observed  at  magnetic  field  H  =  0.  It  differs  from  the  situation  in  [1]  where 

minimum  is  observerl  at  /f  =  0.  •  ■  ^ 

We  suppose  that  the  nev'  o.scillations  are  caused  by  nonequilibnum  penetration  of  quasiparti- 
cles  intc.  superconductor.  Tliere  is  nonuniformity  of  order  parameter  in  our  ring  structure  because 
the  structure,  consists  of  different  parts  which  are  ring  and  connecting  lines.  The  order  param¬ 
eter  changes  smoothly  in  connecting  lines  at  some  distance  from  the  ring.  Such  gradient  of 
order  paramter  gives  additional  resistance  in  nonequilibrium  conditions  (see  [2]).  With  changing 

magnetic  field  the  last  resistance  oscillates  and  gives  the  oscillations  ob.served. 

Tlte  sort  of  o.scillations  in  a  given  point  of  a  superconducting  transition  depends  on  relative 
values  of  oscillation  amplitudes  caused  by  the  mechanism  described  in  the  work  [  1]  or  by  the  new 

mechanism.  ,,  txtt’a  e 

The  work  is  supported  by  Program  “Physics  of  Solid  State  Nanostructures  and  INTAS. 
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INTERWELL  RADIATIVE  RECOMBINATION 
IN  n*i*n  AlGaAs/GaAs  DOUBLE  QUANTUM  WELLS 

V.B.Timofr.ev 

Institute  of  Solid  State  Physics,  Russian  Academy  of  Science 
142432  Cheniogolovka,  Russia. 

Investigations  of  coupled  double  quantum  wells  ,(DQW)  and  superlattices 
(SL’s)  in  semiconductor  heterostructures  have  gained  con,siderable  interests  dur¬ 
ing  the  last  decade  [1-5].  In  part  tliis  interest  arises  from  expectations  that  their 
electronic  properties  might  be  used  in  optoelectronic  techniques.  On  the  other 
hand,  the  physical  interest  in  these  systems  is  strongly  related  to  their  exci tonic 
properties,  which  have  attracted  considerable  attention  both  with  respect  to  the 
single  exci  tonic  problem  and  the  exciton-exciton  interaction.  In  the  case  of  bi¬ 
ased  DQW  (n-i-n  or  p-i-n  DQW  structures  under  applied  or  build-in  electrical 
field)  one  of  attractive  possibilities  is  related  with  intcrwell  excitons  in  which  elec¬ 
tron  and  hole  are  separated  between  different  QW’s  [3,4]  These  iuterwell  excitons 
should  demonstrate  a  long  radiative  decay  time  and  due  to  that  these  excitons 
can  be  accumulated  to  a  high  densities  and  can  be  cooled  to  low  enough  temper¬ 
atures,  The  intriguing  collective  phenomena  are  expected  for  interwell  excitons 
in  high  density  limit  and  lov/  temperatures  [6-9],  Observation  of  some  collective 
phenomenon  related  with  interwell  excitons  was  announced  recently  in  [5], 

The  main  goal  of  presented  talk  is  to  demonstrate  that  the  radiative  recom¬ 
bination  phenomena  in  the  case  of  n-i-n  AlGaAs/GaAs  DQW’s  under  applied 
electrical  bias  are  developing  within  other  scenario. 

1.  First  of  all  we  should  emphasize  that  random  potential  fluctuations  at  lov/ 
enough  temperature  forces  carries  (nonequilibrium  or  equilibrium)  to  be  localized 
ill  the  plane  of  DQW’s,  Such  localization  in  plane  of  QW  should  occur  if  ccncen- 
tration  of  carriers  is  less  than  critical  concentration  of  localized  states  which,  of 
course,  modifies  from  sample  to  sample.  This  critical  concentration  determines  a 
mobility  edge  and  is  directly  related  with  metal-insulator  transition  in  considered 
DQW’s  systems  (typically,  concentrations  of  localized  states  varies  in  the  range 
from  10^°cm"^  in  good  samples  and  to  10”cra“^  or  even  more  in  worse  one).  So, 
in  DQW  under  applied  bias  photoexcited  electrons  and  holes,  if  tlieir  concentra¬ 
tions  are  less  than  critical  number,  are, first  of  all,  localized  in  spatially  separated 
wells  (Stark  localization),  but  besides  of  this  localization  these  carriers  should  be 
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localized  in  planes  of  wells  due  to  the  random  potential  fluctuations.  In  the  case 
of  biased  systems  -  nin  or  oin  DQW  or  SL’s  -  the  origin  of  these  fiuctuations 
is-  mainly  related  to  ionized  residual  impurities  located  in  barrier.s  (AIGaAs  in 
considered  case).  So,  if  density  of  uoiiequilibrimn  carriers,  electrons  and  holes, 
.somehovv’  created  in  DQW,  are  less  than  critical  numbers  of  localized  states  the 
radiative  recombination  in  this  reginic  is  directly  connected  with  recombination 
of  localized  e-h  pairs  in  plane.  Of  course  the  recombination  process  has  the  tun¬ 
neling  nature  under  consideration.  Localized  nonequilibrium  electrons  and  holes 
are  weakly  bound  in  corresponding  wells  so  their  radiative  recombination  pro¬ 
cess  is  analogues  to  donor-acceptor  pairs  recombination  in  bulk  semiconductors. 
But  in  the  considered  case  it  is  better  to  say  about  Radiative  Recombination  of 
Quantum  Confined  Electron-Hole  Localized  Pairs. 

It  's  possible  to  imagine  from  general  point  of  view  the  main  properties  of 
siu  h  interwell  recombination  process  and  behaviour  of  corresponding  lumines- 
ceiire  spectra.  The  shape  of  luminescence  spectrum  is  a  convolution  of  distribu¬ 
tion  functions  of  localized  in  neighbouring  wells  electrons  and  holes  intc:  acting  via 
Coulomb  potential.  So,  in  principal  it  should  be  quite  broad  luminescence  band 
rcllecting  an  a,mplitudes  of  random  potential  fluctuations  and  a  wide  range  of 
inverwell  electron-hole  space  separation  (Coulomb  attraction  term).  In  fact  high 
energy  side  of  luminescence  band  corresponds  to  the  shorter  interwell  electron- 
hole  distances,  and  hence  to  the  stronger  attraction  between  pairs.  In  turn  low 
energy  side  corresponds  to  larger  interwel!  distances,  iuid  tbcrefoie  to  weaker 
electron-hole  interaction.  This  luminescence  band  can  be  simply  tuned  in  a  wide 
spectral  range  under  variation  of  applied  bias  according  to  the  Stark  term  in 
Hamiltonian  -(-eEz).  Because  localized  electrons  and  holes,  participating  in  re¬ 
combination  processes,  arc  weakly  bound  therefore  corresj>onding  luminescence 
l)ai)d  under  applied  magnetic  field,  perpendicular  to  planes,  behaves  a.s  recombi¬ 
nation  of  almost  free  electron-hole  ]>airs.  And  finally:  time- resolved  experiment 
under  j)ulsed  excitation  should  demonstrates  a  movement  of  iuniine-scencc  band 
(witli  some  redistribution  in  shape)  to  lower  energy  side  with  time  delay. 

2.  Now  wc  turn  to  tlio  regime  wlien  electron  (or  hole)  concentrations  in 
wells  arc  above  niol)ilil,y  edge  (i.c.  larger  than  critical  conccnlration  of  localized 
.states).  Tliis  regime!  was  definitely  realizeel  in  n-i-n  DQW  .  So,  in  n-i-n  DQW  2D 
electron  g.'is  appears  in  one  of  well  at  higli  enough  applied  bia.s,  more  than  0.7  V. 
Appearance  of  21)  deg<!neratc  electron  gas  is  })roved:  1)  by  direct  observation  of 
Lnndau  lcv(!l  cjuantizations  in  BLE  s}>ectra  m  tin'  energy  region  higher  tliaf,  Is 
nil  exciton  (.see  I'^ig.l);  2)  l)y  direct  obsi-rvation  oi  Liuidan  level  (ju.tnl.izatiuii  of 
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luminescence  bcand,  corresponding  to  recombination  of  2D-e}ectrons  with  holes  in 
neighbour  wells  (see  Fig. 2)  and,  finally,  3)  by  observation  of  optica!  analogue  of 
Shubnikov  oscillations  of  the  luminescence  intensity,  detected  at  the  Fermi  edge 
of  2D-  electron  gas  [9].  Fermi  edge  of  2D-gas  at  given  applied  bias  is  pinned  by 
energy  position^of  intrawel!  excitons,  Is  HH,  of  neighbour  QW.  So,  Fermi  energy 
can  be  changed  only  by  applied  bias.  Laser  excitation  docs  not  influence  on  2D- 
clectron  density,  at  least  in  the  range  10  mkWt  -  2  mWt  of  excitation  power. 
Summary  of  these  experiments  are  plotted  on  Fig.3.  On  this  Figure:  solid  dots 
correspond  to  PlE  data,  open  dots  to  PL  data  and  solid  noisy  curve  is  Shubnikov 
oscillations  of  the  luminescence  intensity,  detected  at  Fermi  edge,  under  magnetic 
field  variations. 

Above  described  techniques  were  used  for  the  investigations  of  2D-e!ectron 
gas  behavior  under  variation  of  applied  bias  in  the  wide  range.  It  was  found  that 
free  2D-electron  gas  disappears  at  applied  bias  lower  than  0.7  V.  With  the  use 
of  these  investigations  the  critical  concentration  corresponding  to  mobility  edge 
was  found  equal  5  •  lO^^cin”^  [2|.  , 

Finally  we  would  like  to  emphasize  that  studied  n-i-n  DQW  can  be  used  for 
investigations  of  Coulomb  correlations  of  spatially  separated  electron-hole  layers 
in  ultra  quantum  regime. 
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Exciton  resonances  in  semiconductor  nanostructures  are  usually  inhoinogeneously 
broadened  due  to  interface  or  alloy  compound  fluctuations.  Still  there  was  no  clear  understanding 
whether  inhomogeneous  broadening  effects  are  qualitatively  different  from  the  homogeneous 
broadening  effects  and  how  to  distinguish  between  both. 

In  this  work,  we  have  solved  the  Maxwell  equations  for  light  incident  on  a  quantum  well 
(QW)  taking  into  account  the  non-local  contribution  of  an  inhomogeneously  broadened  exciton 
resonance  to  the  dielectric  polarization.  It  has  been  assumed  that  the  exciton  resonance  frequency 
distribution  is  described  by  a  Gaussian  and  associated  with  the  in-plane  disorder  in  a  QW. 

In  the  framework  of  a  linear  non-local  response  theory  Maxwell  equations  for  a  light-wave 
normally  incident  at  the  single  quantum  well  in  the  vicinity  of  the  exciton  resonance  frequency  can 
be  vwitten  in  form 

2 

VxVxE  =  “D,  (1) 

where 

DW  =  e.E(z)+4>lP„(z), 

the  non-local  susceptibility 

where  <I>(z)is  the  exciton  envelope  function  taken  with  equal  electron  and  hole  coordinates,  z  is 


the  normal  to  QW  plane  direction.  Taking  into  consideration  only  the  ground  excites >  state,  one 
can  write  in  tiie  absence  of  the  inhomogeneous  broadening 


'  ^  0)g~(0~lY 

where  fu,  is  the  exciton  resonance  frequency,  yis  its  homogeneous  broadening  due  to 
nonradiative  processes,  (Ou^  is  the  exciton  longitudinal- transverse  splitting  in  a  bulk  material, 
is  the  bulk  exciton  Bohr  radius. 

Solving  Eq.(l)  using  the  susceptibility  (2)  and  supposing  for  simplicity  tiie  background 
dielectric  constants  in  the  well  and  bander  to  be  equal,  one  can  obtain  the  amplitude  reflection  and 
transmission  coefficients  in  form 


s„-o)-/(y+rp); 


r=  1  +  r , 


(3) 


where  the  exciton  radiative  damping  rafe 
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^0  ~  ^^0  =  —  IJ  dzdz'sink\2  -  2^(t)0(2')  «  r,, ,  (5) 

,  (0  n- 

i. 

Supposing  that  due  to  inhomogeneous  broadening  the  exciton  reson^ce  frequency  is 
described  iiy  Gaussian  distribution  function  atid  neglecting  possible  dependence  of  the  exciton 
envelope  function  on  energy  one  should  substitute  the  resonant  dielectric  susceptibiUty  jf(d>)  (2) 
by  a  function 


,0 (6) 


(7) 

■A..;- 

and  e;/c{z)  is  a  complenientarj' error-function. 

Here  we  have  supposed  that  A,y  >0.  Solving  Eq.(l)  with  the  susceptibility  (6)  one  can  obtain 
instead  of  Eq.(3) 

In  the  iollowing  we  will  assume  =-0. 

In  the  case  of  small  inhomogeneous  broadening  one  can  use  the  expiession 

erfc{-iz)-^  7^ 

;  ,  -dltz  ' 

and  Eq.  (8)  reduces  to  Eq.  (3);  one  can  also.derive  the  absoiption  coefBcient  of  the  quantum  well 


/!(<»)=  = 


(a)„-®)'  +()'+r,)‘  ’ 


so  that  the  integrated  absorption  is 


In  case  of  inhomogeneou.s  broadening  the  bttegrated  absorption  appears  tp  be  dependent  also  on 


A.  ■  \  V./;- 

Fig.  1  shows  the  integrated  over  the  frequency  excitbnic  adsorption  in  1  QW,  5  and  10 
equally  spaced  QWs  as  function  of  the  inhomogeneous  broadening  parameter  A  .  The  solid  lines 
have  been  obtained  assuming  zero  homogeneous  broadening  wMe  the  dashed  lines  show  the 
calculation  with  hy  =0. 1  meV.  We  have  alwa>’S  taken  =0.026  nteV,  the  period  <^=10  nm.  The 
integrated  absoiption  of  light  in  single  and  multiple  QWs  is  found  to  increase  with  enhancemcht  of 
either  homoeeneous  or  inhomogeneous  broadening;  only  when  broadening  is  larger  than  the 
exciton  radiative  width  does  the  integrated  absorption  attain  the  saturation  value  expected  from 
the  exciton  oscillator  strength  and  number  of  the  QW^.  This  behavior  is  similar  tp  that  of  excitpn- 
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polariton  absorption  in  bulk  semiconductors  [1,2],  but  in  the  present  case  it  is  not  due  to  a  spatial 
dispersion  effect. 
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A  qualitative  difference  between  homogeneous  and  inhomogeneous  broadening  effects  can 
be  revealed  in  time-resolved  spectra. 

Time-resolved  reflection  and  transmissioi:  ^ectra  from  the  single  quantum  well  have  the 
same  shape  because  the  corresponding  an:g)litude  coefficients  are  related  by  t-Y  +  r .  For 
example  the  time-resolved  transmission  in  case  of  ind^dent  delta-pulse  is  described  by  a  function 

G(T)  =  |“exp(-ia)T)/(<»).  (13) 

The  experimentally  detectable  quantity  Ls  the  integrated  intensity  of  light  which  is  proportional 
[G(t)p .  In  case  of  no  inhomogeneous  broadening  G{T)can  be  calculated  analytically: 

G(r)  =  -roexp[-(y-tro+i®o)r]  (r>0).  (12) 

Results  of  the  numerical  calculation  of  the  time-resolved  transmission  spectrum  of  the 
single  QW  in  the  presence  of  ir'  omogeneous  broadening  are  .Shown  in  Fig.  2.  One  can  see  that 
the  Inhomogeneous  broadening  gives  rise  to  pronounced  oscillations  in  the  time-resolved  signal, 
which  is  a  qualitatively  new  effect  in  comparison  with  wiiat  is  known  for  the  case  of  only 
homogeneous  broadening.  What  is  the  origin  of  oscillations? 
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To  obtain  an  intuitive  physicaJ  understanding  of  the  effect,  let  us  consider  a  wave  packet 

composed  by  a  set  of  plane  waves  with  amplitudes  proportional  to  exp! -!  ^  J  j  ,  wmcn  is  a 

simplified  analogy  of  the  wave  packet  emitted  by  an  inhomogencously  broadened  exciton.  As  a 
zeroth  order  approximation  let  us  suppose  all  tiiese  waves  to  have  the  same  phase.  Since 

the  tmie-dependent  integrated  signal  is  given  by  a  function  : 


G(r) « I  dve  **  cos  W  =  —  A  expf  - 


wliich  describes  an  initial  Gaussian-like  decay  of  the  transmitted  signal. The  origin  of  the  minima 
and  oscillations  is  in  the  frequency  dependence  of  the  phase  of  the  emitting  oscillators.  As  one  can 
see  fioni  Eq.(8)  or.  more  directly,  fiom  Eq.(3),  the  phase  of  the  reflection  coefficient  of  light 
charges  fiom  n  to  -/r  as  one  tunes  the  frequency  across  the  exciton  resonance.  The  interference 
of  the  lirht  waves  emitted  with  the  different  phases  results  in  the  oscillations  of  the  time-resolved 
iransmksion  and  reflection.  In  the  first  order  and  m  the  case  of  a  strong  disorder,  one  can 
approximate  the  phase  as  a  function  of  frequency  by 


arctg—. 


where  V  -  a)  -  O). .  In  this  case 


34 


G(r)‘«  ^’(AcosW-vsinMr)  =  -^Aexpj^ - 

Thus  we  see  that  even  in  this  oversimplified  model  the  interference  of  modes  having  a  different 
phase  in  case  of  inhomogeneous  broadening  causes  the  pronounced  nonmonotonity  of  the  time- 

2 

resolved  signal  which  has  a  minimum  (zero)  at  t  =  — . 

Analytically,  the  oscillations  of  a  time  resolved  signal  for  a  single  QW  can  be  obtained  if 
instead  of  the  Gaussian  one  takes  the  following  frequency  distribution  function  to  be  substituted  in 
the  dielectric  susceptibility  (6): 

-4v-:r- 

?r  (x-tUo)  +A^ 

One  can  show  that  in  this  case  the  oscillations  appear  if  A  >  2rp  and  have  a  period 

T=  .  (17) 

V'V/4-r= 

In  order  to  generalize  this  formalism  for  the  case  of  multiple  quantum  wells  (MQWs)  one 
should  derive  the  amplitude  reflection  and  transmission  coefficient  of  MQW  in  terms  of  the  single 
QW  reflection  and  trwsmission  coefficients  (8).  This  can  be  done  using  a  transfer  matrix  method. 
At  normal  incidence,  in  the  basis  of  amplitudes  of  in-coming  and  out-going  light  waves  the 
transfer  matrix  across  the  period  of  MQW  structure  has  a  fomi 

where  d  is  the  period  of  the  structure.  The  eigenvalues  of  this  matrix  can  be  written  in  form 

={w,i  t-mij)/ +mj2)‘/4-l ,  (19) 

where  w,,  and  are  the  diagonal  elements  of  the  matrix  M .  The  eigenvectors  of  this  matrix 
can  be  represented  as 

■  rn 


g-iiti  — 

Representing  the  light  wave  inside  the  structure  as  a  linear  combination  of  two  eigen  vectors  and 
using  the  Bloch  theorem  one  can  obtain  the  amplitude  reflection  and  transmission  coefficients  of 
the  MQW  in  form 

_ 

a_  -  ^21) 

The  eigen  frequencies  of  exciton  polari  jns  in  the  structure  must  satisfy  the  equation 

(j  -  (I  i-iNihl  ^  (22) 
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Substituting  the  amplitude  coefficients  (21)  into  Eqs.  (9,11)  or>e  can  obtain,  respectively,  the 
absorption  and  time-resolved  transmission  spectra  of  the  MQW. 


Time  (ps) 
ng.3 


Fig,  3  shews  the  time-resolved  transmission  spectra  for  a  periodical  structure  containing  5 
QWs  with  the  same  parameters  as  before.  The  spectra  are  always  non-monotonic,  iVhile  in  the 
absence  of  the  in,iomogeneous  broadening  the  oscillations  are  originated  from  the  optical 
coupUng  of  excitons  in  different  QWs  [3],  while  in  the  presence  of  inhomogeneous  broadening 
additional  oscillations  appear  connected  with  interference  of  light  waves  emitted  by  excitons  from 
the  upper-wing  and  from  the  lower- wing  of  the  inhomogeneous  distribution  and  having  different 
phases.  - 

For  multiple  QWs,  QWs  in  a  microcavity  and  an  exciton  resonance  in  a  thick  film  of  bulk, 
in  general,  increase  of  the  disorder  induces  decrease  of  the  period  of  oscillations  and  makes  the 
decay  of  the  signal  faster.  v 

m  conclusion,  the  developed  formalism  has  allowed  to  investigate  theoretically  the 
iiihomogeneous  broadenuig  effect  on  the  complete  set  of  the  optical  characteristics  of  the 
structure.  ^ 

A.V.  Kavckifi  and  M.R.  Vladimirova  gratefully  acknowledge  the  financial  support  from 
the  Russian  Foundation  for  Basic  Research,  grant  INTAS  93-3657-Ext  -and  the 
Vclkswugensdftung. 
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Phase  diagraii),  superfluidity  and  exciton  spectra 
in  double  quantum  wei!  system 

Yurii  E.LozovLk 

Institute  of  Spectroscopy,  142092  Moscow  region,  Troitsk,  Russia,  e-mail:  lozovik@isaii.msk.sii 

Systems  with  spatially  separated  electrons  and  holes  in  coupled  quantum  wells  (CQW)  are 
interesting  in  connection  with  their  possible  superfluidity  manifesting  itself  as  persistent  longitudinal 
'■  electric  currents  along  each  well,  and  besides  that  with  Josephson-type  phenomena  and  unusial 
properties  in  strong  magnetic  fields.  In  the  report  recent  results  concerning  the  system  will  be 
presented. 

The  properties  of  excitonic  liquid  phase  in  the  system  of  spatially  separated  electrons  (cl  and 
holes  (h)  in  CQW  are  considered.  The  energy  of  the  ground  state  of  the  exciton  liquid  as  a  function 
of  the  density  of  electrons  and  holes  at  different  separations  D  between  e-  and  h-Iayers  is  obtained. 
The  quantum  phase  transition  exciton  gas-exciton  liquid  due  to  D  decreasing  is  studied. 

At  £>  <  4.1  the  energy  of  the  liquid  phase  is  greater  than  the  energy  of  a  single  exciton,  so 
the  exciton  liquid  is  a  stable  phase  in  this  region  and  the  exciton  gas  is  a  metastable  phase  (all 
distances  are  given  in  units  of  2D  exciton  radius  at  /)  =  0).  At  D  =  l.l  first  order  quantum 
transition  exciton  liquid-exciton  gas  takes  place.  The  minimum  of  the  energy  as  function  of  e-li 
density- corresponding  to  exciton  liquid  survives  corresponding  to  metastable  phase  in  the  region 
1.1  <  D  <  1.9.  AtD  >  1.9  the  liquid  phase  becomes  absolutely  unstable  and  the  exciton  density  is 
determined  only  by  external  conditions.  Excitonic  gas  is  metastable  at  any  D  and  stable  at  D  >  1 .9 
due  to  dipole-dipole  repelling  of  excitons  with  spatially  separated  e  and  h. 

At  sm^l  densities  biexcitons  and  biexciton  ions  and  other  complexes  (particularly  charged 
ones)  witli  spatially  separated  electrons  and  holes  are  al.so  exist  at  small  D  (some  of  them  become 
stabilized  in  strong  magnetic  fields).  They  also  have  interesting  transport  properties  along  layers. 

The  supefluid  density  of  the  exciton  system  as  function  of  D  and  carrier  density  is  calculated 
using  ladder  approximation  for  rare  exciton  gas  and  BCS-type  approximation  for  dense  e  it  system. 
The  temperatures  of  appearance  of  the  superfluidity  in  the  .system  (Ko.sterlitz-Thouless  transition) 
decreases  as  function  of  D. 

For  the  anisotropic  2D  e-h  CQW  system  metal-insulator  quantum  transition  is  studied.  Crystal¬ 
lization  in  two-layer  e-h  and  e-e  systems  is  analized. 

Influence  of  the  magnetic  field  on  exciton  spectra  and  on  superfluidity  in  two-layer  sy.stem  is 
analized  in  detail.  Particularly  e-h  system  with  one  half  Landau  filling  is  studied. 

.fosephson.-type  phenomena  and  electromagnetic  properties  of  two-layer  system  aie  considered. 

For  the  anisotropic  2D  e-h  system  in  CQW  Mott  metal-insulator -vuantum  transition  is  analized. 
The  problem  of  magnetoexciton  localization  is  considered.  The  derivation  of  the  inagnetoexcitonic 
relaxation  time  and  diffusion  constant  is  presented.  Drag  effects  In  the  two  layer  e-h  sy.stem  due 
to  Coulomb  e-h  scattering  and  to  the  presence  of  indirect  excitons  is  analized.  Drag  of  spatially 
separated  electrons  and  direct  excitons  in  CQW  due  to  polarization  interactions  are  also  considered. 
Experimental  data  conserning  the  probl-'-m  will  be  discussed. 

The  work  was  supported  by  grants  of  Program  “Physics  of  Solid  Nanostructures",  Ru.s.sian 
Foundation  of  Basic  Research  and  by  INIAS. 
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Exciton-polariton  behaviour  of  the  absorption  edge  of  thin  GaAs  crystals  with 
the  “super-quantrm”  thickness 

G.  N.  Aliev,  N.  V.  Luk’yanova,  R.  R  Seisyan 
Ioffe  Physia)-Technical  Institute,  Russian  Academy  of  Sciences 
Poij'technicheskayaae,  194021,  vStPetensbuj^,  Russia 

At  r  =  1 .7  K  the  optical  absoiption  of  pure  GaAs  samples  with  thickness  d  -  0.4-4.4  /an  has 
t-een  investigated  at  the  region  of  the  exciton-polariton  resonanses.  Strong  changes  in  the  speclral 
behaviour  of  the  absorption  edge  due  to  exciton-polariton  processes  are  revealed  as  the  sample 
thickness  decreases.  Dependence  of  the  integral  absorption  on  the  thickness  is  considered  as  a 
result  of  competition  of  the  optical  processes  in  two  diffrent  sample  regions:  near-surface  region, 
where  the  integral  absorption  saturates  due  to  increasing  damping  parameter  in  the  electric  field 

and  central  region,  where  exciton  -polariton  is  not  perturbed. 

1  Introduction 

High  quality  thin  semiconductor  films  frequently  exhibit  properties  quite  different  from  those  of 
bulk  crystals  at  the  region  of  the  exciton-polariton  resonanses.  Especially  this  is  valid  for  “super¬ 
quantum”  region  Ax  <d  <  r,  where  ct,.;  is  Bohr  radius  for  exciton  and  /*  is  exciton-polariton  mean 
free  path  length.  The  aim  of  this  work  is  the  optical  absorption  investigation  of  free  pure  crys^s 
of  “super  quantum”  thickness,  using  GaAs  as  an  example. 

2  Experimental  data 

We  have  studied  high  quality  gas-phase  epitaxial  (GPE)  layers  of  GaAs  (n  w  5x10*^  crn~^, 
/i77  <  140000  cm‘/V  s)  grown  on  the  (100)  GaAs  substrate.  To  measure  the  transmission  spectra 
we  the  substrates  so  that  the  thickness  of  epitaxial  layer^  has  been  reduced  from  10  /tm 

up  to  0.4  firaK  The  samples  were  placed  free  in  the  glass  box  and  immersed  in  pumped  liquid 
helium  at  1.7  K.  Sulphide  passivation  of  the  surfaces  was  carried  out  just  before  measurements  on 
separate  samples.  The  sample  thickness  d  was  estimated  from  an  optical  density  D  in  the  sp^tral 

continuum  region  as  d  =  jP/q:'',  where  Q*  was  taken  8  X  iO  cm  ^ 

The  samples  of  thickness  d  >  2  /im  demonstrated  ah  ordinary  behaviour  with  clearly  expressed 
members  of  c.xciton  series,  quasicontinuum,  continuum  arid  exciton-impurity  complex  [1].  TTte 
linewidth  of  the  exciton  ground  state  was  about  0.3-0.5  meV  and  it  increased  as  the  ^ple  size 
decreased,  so  that  the  excited  exciton  states  and  bound  exciton  states  beesune  undetectable  (Fig.  1). 
The  passivation  of  the  samples  had  no  effect  oii  the  optical  density  in  the  continuum  region  whilp  . 
it  enhanced  the  excitonic  absorption  line  and  induced  its  shift  of  about  0.4  meV  to  higher  energies 
without  any  important  changes  in  the  linewidth.  The  decrease  in  the  sample  thickness  to  0.3  /im 

'  Hit  samples  of  the  diflereiu  thickness  were  prepared  by  N.  D.  ll’iriskaya. 
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Fig  2.  Integral  absorption  K  versus  the  sample  thickness  d.  Solid  line  is  the  result  of  fitting 
procedure  according  to  exp.  (1),  /Ti  =  5  eV/cm,  K,  =  74  eV/cm,  d,*  =  0.1 1  /jm. 


resulted  in  a  small  lower-energy  shift  of  the  line,  while  the  optical  absorption  behaved  unusually. 
TTie  substantial  rise  of  line  amplitude  has  been  observed  along  with  line  broadening  and  insignificant 
shift 


3  Discussion 

Absorption  coefficient  a  obtained  from  transmission  spectra  in  the  area  of  exciton  resonances  due 
to  its  thickness  dependence  is  found  to  be  not  a  constant  of  material  but  a  consuint  of  definite 
sample  only.  The  spectral  behaviour  of  the  excitonic  structure  can  be  better  understood  if  we 
take  into  account  the  surface  electric  field  F,  induced  by  the  sut  lace  charge  Q,,  and  regions  of 
the  volume  charge  at  the  surfaces  d^.  Under  constant  surface  condition,  the  decrease  in  the  total 
thickness  d  does  not  influence  2d.,  and  decreases  di,  where  the  excitonic  states  are  not  perturbed. 
In  the  regions  r/,  a  nonuniform  electric  field  F(x)  exists  and  for  the  range  F(:F)  >  F;  =  /r/r  u.,  , 
where  r  is  the  electron  charge,  R  is  the  exciton  binding  energy  it  ionizes  the  exciton,  while  in 
the  other  part  of  r/,.  it  induces  the  nonuniform  Stark  shift.  'ITiis  explains  the  short-wave-length 
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Fig  3.  Electric  field  distribution,  integral  absorption,  damping  parameter  of  the  thin  semiconductor 
sample  of  “super-quantum”  thickness  (model). 

shift  after  the  passivation,  which  coiresponds  to  the  average  field  about  800  V/cm,  and  the  long¬ 
wave-length  shift  and  broadening  of  lines  v/hen  the  sample  thickness  decreases  because  of  the 
enhancement  of  the  relative  contribution  of  the  near-surface  regions  up  to  d  -  2d^:  In  this 
case  one  can  expect  a  strong  dependence  of  the  measured  absorption  coefficient  a  on  the  thickness 
0(0;)  =  o(w)(  1  -2^oj  {u})d,  /a{LLi)d),  where  5ai  is  the  near-surface  absorption  coefficient  averaged 
on  d.  It  looks  like  a  hyperbolic  function  and,  for  exciton  maximum  position  wq,  could  only  increase 
vyith  rising  d.  Experimentally  we  have  observed  an  opposite  dependence.  A  better  understanding 
can  be  gained  by  integintion  of  the  absorption  coefficient  over  the  frequency.  The  behaviour  of  the 
integral  absorption  V  which  is  proportional  to  the  exciton  oscillator  strength,  is  shown  in  Fig.  2. 
We  stress  that  this  characteristic  is  not  sensitive  to  the  inhomogenious  broadening  and,  therefore, 
to  t!)e  Stark  effect.  In  spite  of  this  the  figure  shows  the  increase  in  K (d)  from  8  eV/cm  to  33  eV/cm 
as  the  thickness  decreases  from  d  >  4.4  /im  to  rf  =  0.45  /.im.  This  is  in  a  good  agreement  with 
dependence  of  the  integral  absorption  on  temperature  [2, 3]  exhibiting  a  strong  increase  in  K  to  the 
critical  temperature  T,,  followed  by  its  saturation.  This  is  strongly  governed  by  the  longitudinal- 
transverse  splitting  constant  Ait  proportional  to  the  oscillator  strength:  K  -  (jr/cfi)y/'>eoALTfm^ 
whet  >1,  is  a  background  dielectric  constant.  'ITte  .substitution  of  bulk  GaAs  parameters  yield.s 
K  ^  -  70  eV/cin.  The  7-fold  decrease  in  K,  observed  at  d  >  3^m,  corresponds  to  the 

n'.axirnti!  variation  of  K  in  the  temperature  dependence  [2]  at  the  same  samples  as  those  studied  in 
ibis  work  and  nrinifests  the  exciton-polarton  processes  playing  an  important  role  when  f  <  r„ 
r,.  =  2rj.x-oy'2>AiAi,7'/A/c^,  where  M  is  the  translational  excitonic  mass.  In  this  case  there  is  no  real 
(.bsorpiion  of  light  and  Bouguer  law  can  not  be  applied.  The  measured  “absorption  coefficient” 
is  governed  by  the  dissipative  damping  F.  In  [2]  the  increase  in  T  is  associated  with  the  change 
in  temperature  due  to  the  exciton-phonon  scattering,  while,  in  the  present  case,  it  is  caused  by 
an  electric  field.  From  the  common  consideration  we  can  ofi^r  the  following  expression  for  the 
integral  absorption  of  thin  sample: 

r<{d)  =  Ki  +  2^K.,  (1  -  >  (^) 

where  A ,  is  averaged  integral  absorption  coefficient  of  the  surface  regions  and  K\  is  one  for  inside 
rec’on  of  sample.  A  good  agreement  between  (1)  and  experimental  data  was  reached  by  choice 
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of  Ki  ~  5  eV/cm  at  /C,  sa  74  eV/cm  and  d/  «  0.11  fitn.  It  is  remarkable  that  K,  practically 
coincides  with  theoretical  value  of  and  ratio  KJR  fa  7  is  the  same  as  in  [2],  where  the 
temperature  broadening  of  the  exciton  line  was  studied.  Thus  the  obtained  data  testify  the  exciton- 
polaritonic  character  of  the  light  propagation  through  the  sample  central  region  where  F  ~  0. 
Damping  parameter  rapidly  increases  as  F  pa  F]  +  A  Rf~^  exp{-4/3 /),  where  >1  is  a  numerical 
coefficient,  R  is  exciton  binding  energy  and  /  =  FjFi  in  the  near-surface  areas  2  and  3  (Fig.  3), 
leading  to  the  loss  of  spacial  dispersion  and  K  saturation  wheti  F  >  F,,.  To  estimate  Fi  it  is  possible 
to  use  results  of  [4]  for  the  exciton-polariton  with  spacial  dispersion: 

^  Jarctan  +  </v^l  (2) 

where  g  —  (F/Fc)  <  1.  According  to  (2)  K  depends  on  g  almost  linearly,  and  saturates  at  F  >  F^. 
At  F  «  Fc  dissipative  damping  is  F  =  irKTcj^Km-  Using  obtained  data  we  can  estimate: 
F 1  =  0.02  meV  (Fc  =  0.24  meV).  So,  the  transition  from  Fi  to  Fj  and  correspondingly  from  K\ 
to  Kai  takes  place  in  relatively  narrow  crystal  region.  This  justifies  dividing  the  crystal  on  three 
parts  and  using  the  expression  (1)  where  d,*  < 

4  Condussion 

The  investigations  showed  an  influence  of  the  exciton-polariton  processes  on  light  transmission 
through  perfect  semiconductor  crystal  thin  plate  of  “super-quantum”  thickness.  These  processes 
were  displayed  by  a  substantial  increase  in  the  sample  transmittance  in  the  region  of  exciton 
resonances  up  to  F  >  Fc,  where  F  was  acting  dissipative  damping.  This  condition  was  reached  in 
our  experiments  due  to  electric  field,  whereas  in  [2, 3]  that  was  made  by  the  temperature  variations. 
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Homogeneous  Jinewidlh  of  excitoii,  negatively-charged  exciton  (trion)  and  exciton 
cy  clotron  resonance  state  (ExCR)  were  studied  by  analyze  of  reflectivity  and  photoluminescence 

excitation  (PLE)  spectra  in  modulation -doped  quantum  welUQW)  structures. 

CdTe/Cdo.iMgGsTe  quantum  well  structures  grown  by  molecular  beam  epitaw  on  (100) 
ciir.oted  Ga^s  substrates  were  used  for  this  study.  The  structures  were  modulation-doped  with 
Iodine  in  tbs  barrier  at  the  distance  of  lOOA  from  QW.  The  electron  concentration  in  QWs  was  of 
the  order  of  lo"  cm‘^. 

A  strong  circular  polarization  of  exciton,  trion  and  ExCR  lines  in  magnetic  fields  in 
Faraday  geometry  were  observed  in  reflectivity  and  PLE.  The  sign,  of  circular  polmization  of 
tiie  exciton  line  was  the  same  as  for  the  ExCR  line  and  was  opposite  to  the  sign  of  the  trion 
polarisation.  The  degree  of  the  polarization  was  observed  to  decrease  with  the  tem^rature  and 
described  by  Boltzmann  factor  exp(-A£/  /rr)  that  reflects  the  leveHng  of  electron 
stn>le\els  population.  We  explain  the  the  polarization  of  exciton  line  by  the  difference  of 
homocereous  broadening  of  the  exciton  for  two  circular  polarization  in  the  presence  of  magnetic 
fields  This  diflerence  can  be  initiated  by  two  reasons  (i)  spin  dependent  exchange  scattering  of 
excitons  by  free  electrons  and  (ii)  fast  trapping  of  exciton  by  free  electron  into  trion  state.  ;  ^ 

We  analyzed  also  the  temperature  dependence  of  the  integral  intensity  for  c^xciton,  trion 
and  ExCR  reflectivity  (absorption)  lines.  The  strong  difference  of  these  dependencies  have  been 
found  to  support  the  idea  of  the  spin  dependent  exciton  -  electron  scattering.  ; 
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1.  Introduction 

Semiconductor  microcavity  (MC)  with  quantum  wells  (QW)  [1,21  and  vertical  cavity  surface 
emitting  lasers  [3]  are  attracting  increasing  interest,  what  is  stimulating  design  of  nowell  multi¬ 
cavity  structures  allowing  divers  types  of  interactions  between  photon  and  exciton.  In  the  double 
cavity  structure  shown  in  Fig.l  the  photon  field  of  two  MC  are  coupled  through  a  common 
mirror  that  gives  rise  to  a  splitting  between  otherwise  degenerate  cavity  modes.  Coupling  of 
cavity  modes  with  excitonic  states  of  QWs  placed  within  the  cavities  have  to  lead  to  the 
modification  of  eigen-modes  behavior. 

QW  QW 

Fig.l.  Scheme  of 
the  structure  . 


Such  structure  has  been  first  demonstrated  and  experimentally  investigated  in  1994  by 
Stanley  et  al.  [4]. Two  modes  behavior  at  room  tempei-ature  and  three  modes  behavior  waen 
either  of  two  optical  modescouple  to  QW  excUonis  shown  in  that  paper,  hi  this  paper  we  present 
first  result  on  observation  and  study  of  light-matter  interaction  in  coupled  MCQW  in  volving  the 
behavior  of  four  modes,  i.e.  two  exciton  and  two  photons.  This  behavior  clearly  manifests  itself 
as  an  appearence  of  four  peaks  in  reflectivity  spectra  of  coupled  MCQW  under  resonance 
conditions.  V 

2.  Experiments 

The  coupled  QMC  stmeture  consists  of  a  pair  of  one  wavelength  GaAs  cavities  separated 
by  the  common  AlGaAs/GaAs  distributed  Bragg  reflector  (DBRs).  The  outside  mirrors  are  also 
AlGaAs/GaAs  DBR-s.  Three  10  nm-wide  InGaAs  QWs  are  located  in  the  center  each  cavities. 
The  optical  length  of  each  of  the  cavities  is  designed  to  match  at  4  K  the  wavelength  of  ilie  lovve.st 
energy'  heavy-hole  exciton  transition  involving  the  first  heavy  hole  and  electron  slates 

AS-'  -■ 


Energy  (eV) 

Fig.2.  Reflectivity  spectra  for  a  coupled  semiconductor 
microcavity  at  5  K  taken  at  different  angles  of  incidence 
(9)- 


The  reflectivity  spectra 
were  measured  using  white  light 
illumination.  Three  mode  behavior 
can  be  seen  in  the  upper  spectrum 
in  Fig.2  taken  at  normal  incidence. 
The  low-energy  and  central  peaks 
originate  from  two  coupled  cavity 
modes  splitted  by  approximately  9 
meV.  The  high-energy  heavy-hole 
exciton  peak  is  observed  at  10 
meV  to  higher  energy  from  the 
central  peak.  This  peak  is 
relatively  weak  since  at  these 
energies  it  is  only  weakly  coupled 
to  the  cavity  modes. 

In  order  to  investigate 
extensively  an  anticrossing 
between  the  QW  exciton  and  each 
of  the  two  coupled  cavity  modes  it 
is  necessary  to  tune  ttie  exciton- 
photon  interaction  over  30-40 
meV,  The  angular  dependent 
reflectivity  technique  was 

empoyed  to  wider  tire  range  of  the 
mode  tuning.  This  technique  relies 
on  the  strong  shift  of  the  cavity 
modes  to  higher  energy  with  angle 
of  incidence  (^)  due  to  the  in-plane 


dispersion  of  the  cavity  photon  modes  whereas  the  exciton  energy  is  angle  independent  [2].  An 
additional  advantage  of  angular  dependent  techniques  is  that  tuning  is  achieved  without  the 
application  of  any  external  perturbation  which  may  influence  the  nature  of  the  electronic  states 


involved. 

As  illustrated  in  Fig.2  the  clear  anti-crossing  behavior  between  the  exciton  and  both 
cavitie  modes  is  observed.  For  20>«!»30  the  exciton  resonates  with  both  cavities  modes 
simultaniously  that  is  accompanied  by  Ae  formation  of  previously  unreported  four  peak  structure 
in  reflectance  spectra.  For  9?>40  (see  lower  spectrum),  the  cavities  linewidths  are  found  to 
increase  strongly  with  angle.  This  broadening  arises  from  incresed  damping  of  the  both  cavity 
modes,  and  reduction  of  the  cavity  finesse,  as  the  cavity  modes  move  progressively  into  the 
excitonic  continuum. 


3.  Theory 

Dispersion  equation  for  polaritonic  modes  in  layered  structure,  surronded  with  two  planes 
with  amplitude  reflection  coefficient  R\  and  Ri  can  be  vritten  in  a  form  (1),  which  has  come 
from  the  bound',  y  conditions:  there  is  no  light  incident  from  outside; 


(1), 
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where  M  is  transfer  matrix  of  light  through  the  structure  in  the  basic  of  amplitude  of  incoming 
and  outgoing  waves,  A  is  a  constant. 

From  (1)  one  can  obtain  excluding  A: 

+  -Af22  =  0  (2). 

In  the  case  of  simmetrical  sti  nctutre  (2)  has  a  form: 

+  (3) 

where  components  of  ^  are: 

iV/j,  =  exp(4/<E))fl^6-2exp(2/O)arj0^r-rJ,^  , 

M,2  exp{2/<E')aAr^;^  +  ar  -  n]^.r  +  cxp(-2i^)rg,y  , 

M22  =  exp(-4/0)  -  -  2  exp(  --2/<[))ry^  r  , 

Mi2  ~  -  Mzi  .  (4) 

Here  o  =  tg^  -  rg,y ,  b  =  t^  -r\t,r  and  rgiy  are  the  amplibads  transmission  and  reflection 
coeSficiens  of  common  mirror  and  quantum  wells  respectively,  <J>  =  /ccos^  is  the  phase 
gained  by  light  propogating  QW  to  mirror,  cp  -  incidence  angle,  ©  -  light  frecuency,  «c-  cavity 
refractive  index,  c-light  velocity. 

Equation  (3)  can  be  rewritten  in  factorized  form 

[^(r  +  r)  +  z][.5r(r-r)-z]  =  0  (5) 

where  first  term  consems  to  the  branches  generated  with  symmetrical  epical  state  while  the 
second  consems  to  the  antisymmetrical  optical  state  [2] .  Here  X  =  exp(2/0)i?a  H-  yg;y , 

^  ~  exp(-2/0) .  This  equestion  has  4  roots  conseming  to  4  polaritonic  branches,  but  the 

number  of  dips  in  reflection  spectra  can  differ  for  diffemt  ahuctures  depending  on  nonradiativer 
broadering  of  exciton  and  transroision  coefficient  of  common  mirror. 

Figures  3  and  4  shows  the  positions  of  polariton  modes  obtained  using  eq.  5  and  positions 
of  dips  in  calculated  reflection  spectra  for  two  model  structures  with  diffemt  common  mirrors. 
Parameters  of  the  structures  are  choosen  so  that  the  frequency  of  uncoupled  cavity  mode  is  in 
resonance  to  exciton  frequency  when  incidence  angle  is  30'’. 

Two  different  cases  can  be  realized:  when  the  splitting  of  two  coupled  optical  modes  is 
not  very  large,  four  dips  are  observable  in  reflection  spectra  (Fig3.).  If  splitting  of  cavity  modes  is 
large  (Fig.4)  one  can  see  only  three  dips  in  reflection  spectra. 

This  effect  can  be  simply  understood  in  terms  of  a  simple  model  of  coupled  oscillators. 
Suppose  that  two  MCs  are  identical  so  that  both  photon  eigenmodes  have  the  same  frequency  a),„ 
in  the  absence  of  coupling;  let  be  the  decay  of  each  single  cavity  mode.  Coupling  between  the 
two  photon  modes  is  described  by  the  equation; 

(6) 

where  V^p,  is  the  coupling  constant  governed  by  the  transmitlivity  of  the  common  mirror  [5].  Ihe 
width  of  the  coupled  cavity  modes  is  reduced  by  a  factor  of  two,  due  to  the  fact  that  each  cavity 
mode  decays  on  one  side  only  of  the  coupled  structure.  Solving  (6),  one  obtains  the  symmetric 
and  antisymmetric  solutions: 

(7). 

Considering  multi-QWs  embedded  in  each  cavity  as  a  single  QW  we  can  describe  the  two-fold 
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Fig.  4.  Energies  of  polaritonic  modes  (lines)  Fig.  4.  Energies  of  polaritonic  modes  (lines) 

and  position  of  the  dips  in  reflection  spectra  and  position  of  the  dips  in  reflection  spectra 

(circlc.s)  as  a  function  of  incidence  angle  (circles)  as  a  function  of  incidence  angle 


degenerate  lowest  exciton  by  the  symmetric  and  antisymmetric  eigenfunctions: 

ls>  =  (lQWl>  +  |QW2>)/V2  (8a), 

|a>  =  (|QWl  >-lQW2>)/V2  V  (8b), 

where  |QW1>  and  1QW2>  are  the  single  exciton  wave  functions  in  first  and  second  QWs. 
Evidently  the  symmetric  exciton  state  only  interacts  with  the  symmetric  photon  mode,  and  the 
antisymmetric  exciton  only  interacts  witli  the  antisymmetric  photon  mode.  Therefore  the 
dispersion  of  cavity'  polaritons  in  this  case  is  given  by  two  independent  equations: 

(fi>- flJO (^) 

where  m  end  y  are  the  frequency  and  non  radiative  broadening  of  the  exciton,  V  is  the  exciton- 

photon  coupling  constant.  ^  ^  ^  ^  ^  ^ 

Tire  best  condition  for  the  observation  of  the  Vi^hole  set  of  coupled  MCQW  are  provided 
under  condition  Vop,  ~  V,  which  are  satisfied  in  our  experiments  (See  also  Fig.3).  When  >>l , 
(what  is  the  case  of  [4])  the  shifts  of  the  energies  of  symmetrical  and  imtisymmetrical  exciton 
states  can  not  be  simultataneously  strong  enough  to  resolve  the  related  dips  in  reflection  spectra 
(Fig.4). 

This  work  was  supported  in  part  by  RFBR  and  “MNTP  Nanostructures  , 


1 )  C.  Weisbouch,  M.Nishioka,  A.Ishikava,  Y.Arakawa,  Phys.  Rev.  Lett.  69,  3314  (1992) 

2)  E.L.lvchenko,  M.A.Kaliteevski,  A.V.Kavokin  et  al.,  JOSA  B,  13, 1061  (1996) 

3) Kawaguchi,  ILE  Proc.  .1.  Optoelectron.,  140,  3  (1993) 

4)  R.P.  Stanley,  R.Houdre,  U.Oesterle,  M.Ileegems,  C.Weisboush,  Appl. Phys. Lett.,  65(16),  2093 
(1994) 

5)  M.A.  Kaliteevski,  Journal  of  Tech.  Phys.,  in  press  (1997) 

d6 


SPLITTING  AND  ORDER  OF  EXCITON  RADIATIVE  LEVELS 
IN  GaAs/AlAs  SUPERLATTICES: 

A  LINK  TO  THE  INTERFACE  MORPHOLOGY 

P.G.  Baranov,  N.G.  Romanov, 

A.  Hofstaetter,  B.K.  Meyer,  A.  Scharmann,  C.  Schnorr  and  W.  von  Foerster, 

F.J.  Ahlers,  andK.  Pierz^’ 

‘•a.  F.  Ioffe  Physico-Technical  Institute,  Russian  Acad.  Sciences,  194021  St.  Petersburg,  Russia 
®  1.  Physics  Institute,  University  of  Giessen,  Heinrich-Buff-Ring  16,  D3.‘392  Giessen,  Germany 
^^Physikalische-Technische  Bundesanstalt,  Braunschweig,  Germany 

One  of  the  most  important  problems  connected  with  the  gro>vth  of  quantum  wells  (QW)  and 
superlattices  (SL)  is  the  structural  disorder  oh  the  atomic  scale  which  occurs  at  the  interfaces  and 
determines  to  a  large  extent  optical  and  electrical  properties  of  the  grown  structures.  The 
characterization  of  interface  quality  is  important  in  order  to  obtain  information  needed  for  the 
;  Optimization  of  growth  processes  and  device  performance.  Since  pattern  sizes  are  atomic  ones, 
■  ithe  geometry  must  be  controlled  down  to  the  sub-monoiayer  level. 

For  a  long  time  the  principal  tool  for  investigations  of  interfacial  perfection  has  been 
photoluminescence  which  uses  confined  excitons  as  local  probes  for  the  interface  microscopic 
structure  [1].  Optically  detected  magnetic  resonance  (ODMR)  and  exciton  level-anticrossings 
(LAC)  can  provide  more  detailed  information  on  the  excitons.  g-factors  and  exchange  splittings 
in  both  tjqje  II  and  type  I  GaAs/AlAs  SL  have  been  measured  with  hi^  accuracy  (see  [2,3]  and 
references  therein).  It  was  shown  that  ODMR  and  LAC  can  be  applied  for  characterization  of  the 
SL  period  and  the  QW  width  [4].  On  the  basis  of  LAC  and  ODMR  studies  tlie  order  of  the 
exciton  radiative  levels  in  type  11  SL  was  directly  linked  to  the  interface  at  which  the  exciton  is 
localized  [5].  This  made  possible  separate  investigations  of  the  opposite  interfaces  [6].  In  type  1 
,  SL  in  which  me  exciton  iadiative  lifetime  is  too  short  to  use  ODMR  exciton  exchange  splitting 
was  measured  from  LAC  [3,7]. 

In  the  present  paper  we  report  results  of  a  LAC  and  ODMR  study  which  demonstrated 
different  composition  profiles  of  the  opposite  interfaces  and  allowed  to  reveal  the  preferential 
orientation  of  lateral  interface  islands  in  GaAs/AlAs  QW  arid  SL.  :  ^  V 

In  type  li  GaAs/AlAs  SL  in  which  the  electron  and  the  hole  are  spatially  separated  in  the 
adjacent  AlAs  and  GaAs  layers  the  four  energj^  levels  Of  heavy-hole  excitons  are  split  due  to  low 
local  symmetry  of  the  interfaces.  The  Order  of  radiative  levels  is  reversed  for  the  opposite 
interfaces.  As  it  was  shown  by  LAC  and  ODMR  in  [5]  the  lowest  radiative  level  emits  light 
polarized  along  [1 10]  for  excitons  localized  at  the  normal  (AlAs  on  GaAs)  interface  and  along 
[110]  for  excitons  localized  at  an  inverted  (GaAS  On  AlAs)  interface.  Fig.  1  a  shows  LAC  spectra 
and  the  exciton  energy  level  schemes  in  a  SL18.6.A  GaAs/ 23.2  A  AlAs  grown  without 
interruptions  with  the  substrate  kept  at  600®C;  LAC  was  recorded  within  the  high-energy  pait  of 


Fig.  1  a)  Energy  levels  and  level  anticrossing  spectra  of  excitons  localized  at  the  notmi!  and  inverted  interlace  in 
type  II  GaAs/A1.4s  SL;  b)  Band  structure  and  recombination  at  opposite  interfaces  in  ^  11 SL  calculated  with  the 
interface  composition  profiles  fiom  {8], 


the  luminescence  line  by  monitoring  the  [110]  and  [iTO]  components  of  emission  with  magnetic 
field  along  the  SL  growth  direction  [001].  As  shown  in  the  figure  two  sets  of  LAC  signals  belong 
to  excitons  localized  at  the  normal  and  inverted  interfaces  and  differ  in  the  exchange  splitting: 
excitons  at  the  inverted  interface  have  approximately  20%  larger  splitting.  This  is  also  confirmed 
by  ODMR  spectra. 

The  observed  difference  of  the  exchange  splittings  can  be  explained  by  different 
composition  profiles  of  the  opposite  interfaces.  Numerous  studies  have  shown  that  the  interfaces 
in  GaAs/AIAs  SL  are  never  abrupt  and  are  not  sjonmetrical  due  to  different  surface  segregation 
rates  of  Ga  and  A1  [8].  Using  the  envelope -function  method  (program  ECA4)  [9]  we  have 
calculated  the  electron  and  hole  wavefunctions  in  a  SL  with  the  same  GaAs  and  AlAs  widths  and 
the  composition  profile  deduced  from  surface  chemical  analysis  for  GaAs/AlAs  structures  grown 
at  600  "C  [8],  The  calculated  SL  band  alignment  is  shown  in  Fig. lb.  To  obtain  exciton 
localization  at  one  type  of  interface,  two  model  SL  with  a  period  consisting  from  four  layers 
having  different  widths  and  different  sequence  were  constructed  similar  to  Ref.  5.  Calculations 


showed  that  the  ratio  of  the  exchange  splittings  of  excitons  localized  at  tlie  normal  and  inverted 
interfaces  is  in  very  good  agreement  with  the  measured  one.  This  confirms  the  validity  of  the 
interface  composition  profile  [8]  which  follows  from  the  surface  segregation  model. 

Relative  amplitudes  of  LAC  signals  can  be  considered  as  a  measure  of  relative 
concentrations  of  excitons  localized  at  the  opposite  interfaces.  From  LAC  spectra  shown  in 
Fig. la  we  can  conclude  that  in  this  type  II  SL  grown  without  interruptions  with  the  substrate 
temperature  600  ®C  there  is  approximately  2,5  times  more  excitons  localized  at  the  inverted 
interface  than  at  the  normal  one.  The  ratio  of  the  LAC  signals  of  excitons  localized  at  the 
opposite  interfaces  changes  with  the  growth  Interruptions  and  can  be  also  used  for  charac- 


Fig.2  a)  Isotropic  exchange  splitting  in  type  I  GaAs/AIAs  SL  (black  circles)  and  GaAs/Alg.,  Ga^  rAs  QW  (open 
circles);  b)  Excitpn  LAC  in  two  different  type  I  SL  recorded  by  monitoring  linearly  polarized  emission 

Application  of  LAC  spectroscopy  to  type  I  GaAs/AlAs  SL  and  GaAs/Alo jGao -/As  QW 
allowed  to  measure  the  exciton  isotropic  exchange  splitting  which  is  much  larger  than  in  type  II 
SL  and  varies  with  the  GaAs  thickness  as  shown  in  Fig.2a.  The  splitting  of  radiative  levels  in  type 
I  structures  was  believed  to  be  absent  because  of  axial  symmetry  of  the  excitons.  However, 
measurements  of  LAC  by  monitoring  linear  polarization  of  emission  revealed  the;  existence  of  a 
splitting  between  radiative  levels.  Fig.2b  shows  LAC  recorded  in  two  type  I  GaAs/AlAs  ,SL  by 
monitoring  [110]  and  [1  10]  components  of  emission.  LAC  signals  are  seen  in  [iTO]  polarization 
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which  proves  that  the  exciton  radiative  levels  are  split  apart,  tlie  lowest  level  being  polarized  along  - 

[iTOj.  ,  .  j 

Recently  it  was  theoretically  shown  that  the  anisotropic  localization  potential  leads  to  a 

splitting  of  radiative  levels  of  localized  excitons  [10],  The  polarization  of  the  split  sublevels  is 
determined  by  the  shape  of  the  exciton  envelope  function  and  the  lowest  state  is  polarized  along 
the  longer  axis  of  the  function.  Thus  we  can  conclude  that  tlie  exciton  envelope  functions  in  type  I 
SL  under  study  are  elongated  along  [iTO]  (see  inset  in  Fig.2b)  due  to  [110]  oriented  interface 
defects.  This  is  in  agreement  witli  the  studies  of  the  interface  morphology  with  the  use  of  scanning 
tunneling  microscopy  (STM)  in  GaAs/AlAs  structures  grown  under  similar  conditions.  STM 
studies  of  GaAs  surface  showed  that  islands  and  monolayer  step  holes  are  greatly  elongated  along 
[iTO]  direction  [11].  Toe  preferential  orientation  of  interface  islands  along  [110]  was  also 
demonstrated  in  a  recent  high-resolution  optical  investigation  of  single  quantum  dots(12].  Studies 
of  LAC  allow  to  observe  such  an  orientation  via  broad  luminescence  lines  of  SL. 

In  conclusion,  LAC  measurements  in  linearly  polarized  light  allowed  to  prove  different 
composition  profiles  of  normal  and  inverted  interfaces  in  type  II  GaAs/AlAs  SL  and  to  reveal  an 
anisotropy  of  the  interfaces  and  the  preferential  orientation  of  interface  islands  along  [1 10]  in  type 
IGaA:,/AlAs  SL. 

We  are  indebted  to  B.P.Zakharchenya  and  E.L.Kchenko  for  fruitful  discussions.  This 
work  was  supported  in  part  by  the  Volkswagen  foundation  under  grant  No.  1/70958  and  the 

Russian  Foundation  for  Basic  Research  under  grant  No.  96-02-16927. 
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A!GaAs/GaAs-HETEROJUNCTIONS 
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The  optical  reflection  under  normal  and  angular  incidence  from 
AlGaA^GaAs  heterojiraclion  near  excUon  resonance  of  GaAs  has  been 
inve:  dgaied.  The  problem  has  been  solved  in  terms  of  11  x  II  matrix 
equation  for  polariton  envelope  functions,  which  was  derived  from  tiie 
quantum  field  tmcroscopic  theory.  The  equation  includes  a  Fe  ®  Fg-exciton 
block,  a  Fis-photon  block  (MaxweH  equations)  and  an  exciton-photon 
interaction  operator.  The  effective  mass  approximation  ha.s  been  used  witii 
the  correct  boundary  conditions  taking  into  account  -corrections,  that 
mix  the  pokuiton  states  at  the  interface. 


1.  INIRODUCTION 


^  effects  of  tecciton-photorr  mixirrg  (polariton  dfccts)  have  a  considerable  influence  on 

the  ixiHection  spectra  near  the  excitoi  resonance.  Usually  tuese  effects  are  taken  into  accomit  b>' 
introduction  of  non-analytica!  long-range  electron-hole  interaction,  which  leads  to  a  longitudind 
’  transverse  exciton  splitting.  Followiag  solving  of  the  Maxwell  equations  for  the  transverse  field 


and  taking  into  account  die  didectric  coirstaht  ei6),k)  gives 


die  pdariton  dispersion  branches.  In  the  presdn  paper  we 
itse  a  general  equation  for  the  exciton-photon  system,  which 
is  ob^sd  by  qu.wtum  field  microscopic  fhcoiy  (i“3]. 

To  calculate  the  reflection  spectra  one  must  know 
die  boundary  conditions  for  exciton  and  photon  wave 
functions.  The  problem  of  correct  boundary’  conditicns  at 
heterqiunctions  was  being  widely  <£scu8sed  recently.  Tire  so 
called  ’’syrnmetri^"  boundary  conditions  are 

commonly  used  can  hot  be  considered  ctnrect  Therefore 
tile  boundary  cimditions  we  obtained  are  based  on  the 


exciton-photon  equation  for  tiie  heteiios>’stem  and  tiie 
intetfece  symmetry  (fig.  1). 


Fig.  1 


2.  POLARITON  E(JUATION 

According  to  [1-3]  an  equation  describing  the  int«^raction  between  exciton  and  photon 
can  be  represent  in  terms  of  the  Green's  fiuiction.  Witiiin  the  effective  mass  ^^jroximalion  in 
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semiconductore  tUe  inain  excitoa  states  rc^r®  arc  decomposed  by  the  short  range 
exchange  feteraction  into  irrcduciblc^rts®  rj2©r25  states  die  polariton  equation  has  the 
foEowing  form: 


ri5 

ri2 

T25 

Tis 


virbcre  K~^  =  heo  ~  ff„  is  tfie  inverse  cxciton  Green's  function,  is  8x8-excirQn 

Hamiltonian,  D~'  h  the  inverse  photon  Green’s  function,  T  is  the  exciton-photon  cotq^ing 
matrix  operator,  cC>  is  an  exciton  wave  function,  Is  an  electromagnetic  field  vector  ^tentiaL 

In  contrast  to  the  exciton  in  a  homogeneous  semiconductor  tfie  exciton  Hamiltonian 
which  takes  into  account  a  heterointerface  is  no  longer  deteimined  by  the  fiaree  like  Dittingcr's 
parameters.  It  can  be  shown  diat  it  is  to  be  described  by  four  constant  detcmiining  a  k-p-- 
mtensetior.  of  F,,  hole  states  with  Fi,  Fu,  F,,,  Fij  bands.  The  Hamiltonian  also  includes  constant 
and  k-p  -dependent  electron  and  hole  interface  i5(e) -corrections,  which  can  be  obtained  by  the 
perturbation  theory.  Hie  coneefions  describe  a  short  range  interface  influence  and  lead  to  a 
mixing  of  die  exciton  states  at  die  interface.  The  results  obtained  in  die  present  work  are  in 
agr<5emcnt  widi  ones  of  Burt  [4],  Foreman  [5]  and  Ivchenko  [6]. 

Z)'*  is  modified  by  background  dielectric  constant  inverse  photon  Green’s  function 
which  corresponds  to  the  Maxwell  equations  taking  into  account  the  short  range  J(a)^teiface 
corrections  similar  to  the  ones  for  die  exciton. 

3.  BOUNDARY  CONDITIONS  AND  OPTICAL  REFLECTANCE 

The  polariton  wave  functions  boundary  conditions  can  be  obtaimMs  flinn  die  Hamiltonian 
using  its  Hcrmiticity  (the  current  conservation).  Hie  Green’s  operator  (1),  which  we  obtained  by 
the  ;t-/i-theoiy,  lakes  into  account  nmi-commutativity  of  the  position  dependent  band 
parameters  and  die  momentum  operator.  It  helps  to  avoid  an  ambiguhy  for  boundary  conditions 
and  therefore  any  symmetrization  becomes  unnecessary.  As  an  example  the  Fy  hole  envelope 
function  boundary  conditions  for  (001)  heterointciface  when  we  neglect  mteraction  with  other 
states  have  the  ft^owing  form  for  a  -  0  interface  (fig.  1): 

^(+0)  -  ^i-0)  y 


TlS  rx2  r25  Tis 


r.  Ar'..’  , 

r 

r 

0 

1 


=  0, 


(1) 
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+  rtjk^ 

0  , 

Wi  arid  ;%  are  parameters  descnbiiJg  short  range  <?(^)  interface  corrections,  rtii  deteraiiiies  the 
heavy-light  hole  and  exciton  mixing  at  die  interface  even  under  normal  incidence, 

Og  is  die  lattice  constant. 

Using  die  equation  (1)  and  die  boundaiy  conditions  we  numerically  calculated  the  optical 
redoitivity  spectra  for  AlGaAs/GaAs  heterojunction  (fig.  1)  under  normal  and  angular 
incidence. 
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In  [1]  we  have  developed  a  theory  of  low-temperature  energy  relaxation  of  localized  ex¬ 
citons  and  calculated  photoluminescence  (PL)  spectra  under  steady-state  and  short-pulse 
optical  excitation  in  semiconductor  quantum  wells  (QW’s).  In  the  simplest  model,  we  as¬ 
sumed 

w{e,  e',  r)  =  B{e  -  e') .  si^)  =  >  (1) 

where  £  is  the  exciton  localization  energy,  iy(e,e',  r)  is  the  exciton  transfer  rate  for  the  e  -+  e' 
transition  between  the  sites  separated  by  the  distance  r,  ^x)  is  the  Heayjside  function,  ^(e) 
is  the  density  of  localized  states;  wo,  a,  30,^0  are  constant  parameters.  The  recomlinati  n 
lifetime  Tq  was  also  assumed  to  be  a  constant.  In  the  time-resolved  PL  spectra  excited  by 
a  short  pulse,  the  red  shift  of  the  spectral  peak,  with  increasing  the  time  delay,  t,  is 
described  by 

=  +  ,  (2) 

where  is  the  PL  peak  position  under  steady-state  excitation  and  a  «  0.08. 

In  the  present  work  we  apply  the  theory  for  t.ie  description  of  real  experimental  data. 
The  samples  studied  were  Zni_:.Cd;,Se/ZnSe  QW  heterostructures  grown  by  molecular- beam 
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epitaxy  on  (001)  GaAs  substrates.  The  structures  comprised  five  ZnCdSe  QW’s  of  different 
widths  ranging  from  20  A  to  100  A.  The  picosecond  time-resolved  PL  measu'iements  were 
performed  with  the  samples  placed  in  a  pumped  bath  cryostat  (T  =  2  K).  The  double- 
frequency  mode-locked  tunable  titanium  sapphire  laser  was  used  as  a  radiation  source  with 
the  pulse  duration  of  10  ps.  The  PL  spectra  were  detected  by  a  Haimamatsu  synchroscan 
streak  camera  with  a  resolution  not  worth  than  20  ps. 

Fig.  1  shows  the  integral  PL  intensity,  J I {hw,t)dhoj,  as  a  function  of  time  referred  to  an 
arbitrary  origin.  Curves  1  and  2  were  measured  respectively  on  20- A  Zn.8Cd.2Se/ZnSe  and 
20-A  Zn,j8Cd,i2Se/ZnSe  QW’s.  One  can  see  that  in  the  both  cases  the  integral  PL  decay  is 
monoexponential  with  the  lifetime  To  —  400  ps  (curve  1)  and  270  ps  (curve  2).  In  Fig.  2  we 
show  the  time-dependent  spectral  intensity  measured  at  four  different  energies  huj 

for  the  Zn.8Cd.2Se/ZnSe  QW,  the  dashed  curve  coincides  with  curve  1  in  Fig.  1,  hu>^  —  2.611 
eV  is  the  peak  position  for  the  steady-state  PL.  The  time  dependence  of  /(fiw)  at  higher 
energies  is  essentially  non-exponential  and  demonstrates  that,  for  excitons  with  small  values 
of  localization  energy,  the  acoustic-phonon-assisted  hopping  prevails  over  the  recombination. 

The  temporal  shift  of  the  PL  peak  is  shown  in  Fig.  3.  The  solid  curve  is  calculated  by 
Eq.  (1),  for  Wo  =  10*®  the  best  fit  is  obtained  for  £0  =  2  meV.  The  theoretical  and 
experimental  PL  spectra  for  the  time  delays  85  ps  and  135  ps  eire  presented  in  Fig.  4.  A 
good  agreement  between  the  shapes  of  solid  and  dashed  curves  confirms  the  above  value  of 
£0.  Taking  a  value  of  =  10  meV  for  the  Stokes  shift  between  the  PL  and  PLE  peaks  we 
find  Nv{a/2y  =  1.4,  where  N  =  is  the  total  density  of  localized  states. 

Thus,  the  presented  set  of  experimental  data  can  be  effectively  described  by  the  kinetic 
theory  fl).  Note  that  previously  only  the  temporal  shift  of  the  PL  peak  (in  CdTe/ZnTe 
QW’s)  was  used  for  comparison  with  theory  [2]. 
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Excited  States  of  Localized  Excitons  in  Quantum  Well 
Structures;  Long-Range  Exchange  Splitting 
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In  semiconductors  the  exchange  interaction  between  an  electron  and  a  hole  consists  of 
the  short-range  and  long-range  terms  [1].  The  latter  can  be  as  well  considered  as  arising 
due  to  the  macroscopic  electric  field  induced  by  the  pair  excitation.  For  the  heavy-hole 
exciton  in  a  GaAs/AlxGai_j:As(001)  QW  structure  the  short-range  exchange  interaction 
splits  the  fourfold  degenerate  level  el-ftftl(ls)  into  a  radiative  doublet  with  the  angular 
momentum  component  m  =  ±1  and  two  close-lying  nonradiative  singlets.  If  such  an  exciton 
is  localized  at  an  anisotropic  island  of  well  width  fluctuation  the  doublet  is  split  by  the  long- 
range  exchange  into  two  linearly-polarized  sublevels  [2j:  ji)  =  (jl)  d-  /\/5,  [y)  = 

—i  (ll)  -  /v^,  where  the  axes  x  and  y  (or  the  phase  (f>}  are  determined  by  the  island 

shape.  Recently  Gammon  et  al.  [3j  have  observed  such  splittings  in  photolumihescence 
spectra  from  single  islands.  They  also  measured  photoluminescence  excitation  (PLE)  spectra 
in  ‘he  same  optical  near-field  regime  and  found  that  the  localized-exciton  excited  levels 
re^'ealed  a  doublet  structure  with  the  doublet  components  polarized  along  the  in-plane  [110] 
and  [liO]  directions;  For  the  ground  and  four  excited  states,  the  splitting  A  =  jEiXq  —  Eno 
varied  as  —25,  -i-41,  -f-45,  —22  and  —47  pieV  respectively.  In  the  present  work  we  have 
calculated  values  of  A  for  the  excited  states  of  an  exciton  localized  by  a  rectangular  island 
of  the  well-width  monolayer  fluctuation.  The  exciton  envelope  function  is  approximated  by 


Here  f.->Xze),  ^phhi{^h)  describe  the  electron  and  heavy  hole  size  quantization,  is  the 

in-plane  relative  motion  envelope  function  [p  =  pe  —  Pa)>  and  F{X,Y)  is  the  in-plane  ceiiter- 
of-mass  envelope.  The  splitting  betv'een  the  lx)  and  [y)  states  is  given  by 

-  Ev  =  ^  E 

where  x,y  are  the  axes  of  the  rectangular  island,  /(q)  =  /dR  F{X,Y),  S  is  the 
sample  area,  k  =  (cu/c),/efc,  is  the  dielectric  constant,  To  is  the  radiative  damping  rate 
for  a  fiee  exciton  in  the  perfect  QW.  The  function  F{X,Y)  was  found  as  a  solution  of  the 
two-dimensional  Schrodinger  equation 


( 


h  _ 

m  lav 2 


F{X,Y)  =  -eF{X,Y),  (3) 
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,  meV 


Ly.A 
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where  determifle  the  extensions  of  the  rectangular  island,  M  is  the  mass  of  tran3:a- 

tional  motion  of  the  exciton  as  a  whole  in  the  QW  plane,  V  is  the  energy  difference  between 
the  Is -exciton  levels  in  the  two  perfect  QW’s  differiiig  in  the  width  by  one  monomoiecu- 
lar  layer,  s  is  the  localization  energy  referred  to  the  free-exciton  energy  in  the  wider  QW, 
^(<)  =;  1  if  <  >  0  and  0[t)  =  0  if  <  <  0,  While  calculating  the  splitting  A  we  used  the  approx¬ 
imation  of  the  factorized  envelope  function  [4]  and  took  jP(X,  K)  as  a  product  Fj,(Ar)  i'v(K), 
where  jPa,(X),  are  found  self-consistently  from  Eq.^3).  The  localized  states  j/j)  are 

labelled  by  two  integer  quantum  numbers,  e.g.  11,  21,  22  etc.,  describing  the  exciton  in-plane 
confinement  in  the  x  and  y  directions. 

Fig.  !  gives  (a)  the  energy  of  the  localized  exciton  and  (b)  the  splitting  A  as  a  function 
of  Ly  for  a  fixed  value  of  =  950  A  and  for  a  28-A  GaAs/AlGaAs  QW.  The  difference 
V  —  £  is  the  localized-exciton  energy  referred  to  the  free  exciton  energy  in  the  wider  QW. 
The  parts  of  curves  in  Fig.l  corresponding  to  negative  and  positive  values  of  A  =  -  Ey 

are  shown  by  dashed  and  solid  lines  respectively.  The  sequence  of  signs  for  the  splittings  of 
the  ground  and  excited  levels  observed  in  [3]  is  leproduced  in  Fig.  1  for  values  of  Ly  lying 
between  450  A  and  500  A.  One  can  see  from  Eq,(2)  that  the  sign  of  A  is  determined  by 
the  shapes  of  FifX)  and  Fy{Y),  in  particular  by  the  difference  of  the  averaged  values  (ql) 
and  (9®).  Fig.  2  demonstrates  Fourier  transforms,  fj:{qx)i  Mqy),  of  these  functions  for  the 
11,  21,  31,  12  states  (solid  curves,  Ly  =  450  A).  Dashed  curves  are  Fourier  components  of 
these  functions  calculated  in  the  approximation  of  infinite  barriers  (V  op).  Note  that  the 
solid  and  dashed  curves  in  Fig.  2a  are  very  close  to  each  other  while  in  Fig.  26  they  deviate 
remarkably.  It  should  be  mentioned  that,  for  ideal  rectangular  shape  of  the  island,  the 
/  localized-exciton  states  \lj)  with  even  I  or/and  j  are  forbidden  and  they  can  be  observed  in 
PLE  spectra  only  due  to  the  shape  distortion.  The  altemati\’e  explanation  of  the  experiment 
(3]  can  be  based  on  the  assumption  that  the  observed  excited  states  are  the  ground  states 
of  excitons  localized  by  different  rectangular  islands  which  are  located  ?Iose  to  each  other. 
In  this  case  the  oscillator  strengths  for  the  ground  and  excited  exciton  states  should  be 
comparable.  Moreover,  the  islands  should  be  elongated  along  both  the  [110]  and  []  10]  axes 
in  order  to  obtain  the  varying  signs  of  A.  However,  a  scanning  tunneling  microscope  image  of 
a  growth- interrupted  GaAs  surface  shows  [3]  that  the  one-monolayer-high  islands  are  aligned 
along  only  one  axis  [110], 
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COHERENT  CONTROL  OF  EXCITON  SPIN  IN  QUANTUM  WELLS 

P.  Le  Jeune,  X.  Marie,  T.  Amand,  M.  Paillard,  F.  Romstad,  J.  Barrau,  M.  Brousseau 
Laboratoire  de  Physique  de  la  Matiere  Condensee,  INSA-CNRS, 

Complexe  Scientifique  de  Rangueil,  31077  Toulouse  cedex  4  (FRANCE) 

We  present  a  method  to  measure  the  optical  dephasing  time  of  excitons  in  semiconductor 
quantum  wells  by  time-resolved  Photoluminescence  (PL)  spectroscopy. 


A  sequence  of  two  1.2  ps  optical  pulses  split  from  the  same  Ti:Sa  laser  source,  right 
(g‘)  and  left  (a")  polarized,  excite  the  heavy  hole  excitons  (XH)  resonantly  in  a  very  high 
quality  GaAs/AJAs  Multiple  Quantum  Well  stnicture  (Lw=  10  nm)  at  T=10  K.  This  excitation 
pulse  sequence  is  produced  by  a  Mach-Zender  type  interferometer  which  can  control  the  pulse 
separation  on  two  different  time-scales  ;  a  coarse  tuning  allows  to  set  the  time  delay  (ti) 
between  the  two  pulses  on  a  picosecond  time  scale;  a  fine  tuning  (tz),  on  a  femtosecond  time 
scale,  allows  to  control  very  accurately  their  relative  phase  around  ti.  For  instance,  when  the 
two  excitation  pulses  overlap  in  time  (tt  =  0),  interference  effects  will  create  linearly  polarized 

A  I  A  2"*'' “2* 

light :  if  /,  =  R.—  ((«  +  —).—  ),  n  integer,  the  linear  light  polaiization  will 

2  c  X 


bt^  equal  to  1  (  -1) ;  and  Ir  denote  the  intensities  of  the  X  and  Y  linear  polarisation 
components  of  the  excitation  light.  The  XH  exciton  states  are  described,  as  usual,  using  the 
basis  set  =  with  the  electron  spin  state  82  -  ±1/2,  and  the  heavy  hole  total 

angular  momentum  projection  Jiw  =  ±  3/2  (the  growth  axis  Oz  is  chosen  as  the  quantization 
axis).  The  a*  and  o'  pulses  creates  then  \J,  =  +l)  and  =-i)  excitons  respectively.  Light 
polarized  linearly  in  the  X  or  Y  direction  creates  a  coherent  superposition  of  j+l)  and  |-l) 

\  \  \  \  (  \ 

states  called  linear  excitons  which  are  labeled  \X)  and  |F),  with  \X)=  ■  /  p  ---  and 

•v2 


of  the  exciton  luminescence  is  recorded 


The  time-resolved  exciton  PL  is  recorded  by  up-converting  the  PL  signal  in  a  LilOj 
noti-linear  crystal  '^tb  the  beam  generated  by  a  synchronously-pumped  optical  parametric 

oscillotor.  The  linear  polarization  -  — — -p-  of  the  exciton  luminescence  is  recorded 

sy.^tematically  4  ps  after  the  second  excitation  pulse  to  avoid  any  back- scattered  light  from 
the  sample  surface  {  and  l'  denote  the  intensities  of  the  X  and  Y  linear  polarization 
components  of  the  luminescence). 

We  performed  fir.st  the  experiment  with  t]=0.  Figure  (la)  shows  the  exciton  linear  polarization 
(Pl  )  as  a  function  of  the  fine  tumng  tz.  In  this  case,  the  exciton  polarization  oscillations  merely 
reflect  the  excitation  light  polarization,  as  the  linearly  polarized  excitation  light  creates  directly 


linear  exciton  states  1 p)  =  co/~jj.Y) 


-IjF),  with 
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Figure  (lb)  shows  the  result  of  the 
experiment  with  ti  =  6.66  ps.  In  that  case,  there  is 
no  time  overlap  between  the  two  pulses.  As  can  be 
seen  the  linear  polarization  oscillations,  though 
attenuated,  are  still  present.  They  originate  from  the 
interaction  of  the  second  pulse  .vith  the  coherent 
excitons  created  by  the  first  pulse.  The  first  pulse. 
CT*-polari2ed.  creates  j+l)  excitons  which  give  rise 
to  a  macroscopic  polarization  coherent  with  the 
external  field.  The  second  pulse,  c’-polarised,  will 
again  create  \y/J)  exciton  states  if  the  coherent 

macroscopic  polarization  created  by  the  first  pulse 
is  not  lost. 

Figure  (2)  displays  the  minima  and  maxima 
of  the  linear  polarization  oscillations  as  a  function 
of  t|.  The  decay  reflects  then  directly  the  exciton 
decoherence,  usualy  characterized  by  the  optical 
dephaslng  time  T2.  We  checked  that,  as  expected, 
no  linear  polarization  can  be  measured  at  any  time 
delay  when  the  sample  is  excited  by  the  first  pulse 
or  by  the  second  pulse  independently. 

We  alto  performed  the  same  kind  of 
experiment  with  a  sequence  of  two  linearly 
polarized  excitation  pulses.  When  they  are  cross- 
polarized,  the  exciton  spin  interferences  result  in 
circularly  polarized  luminescence  for  t|  <T2.  When 
they  are  co-polarized,  constructive  or  destructive 
coherent  exciton  interferences  modulate  the  exciton 
population,  which  leads  to  photo-luminescence 
intensity,  oscillations.  This  last  configuration  gives 
similar  results  as  in  the  reflectivity  coherent 
control  experiments  described  in  [1]. 

To  conclude,  we  have  presented  a 
technique  which  allows  the  measurement  of  the 
exciton  optical  dephasing  time  in  semiconductor 
hetero-structures  by  time-resolved 

photoluminesceHse  spectroscopy:  In  contrast  to  the 
widely-  used  non-linear  techniques  as  Four  Wave 
Mixing,  our  method  relies  on  the  linear  response  of 
the  material. 

AckrtowtedgenmUs-.  V/e  thank  R.  Plane!  and 
V.  Thieny-Mieg  for  the  growth  of  very  high 
quality  samples.  Part  of  this  work  has  been 
supported  by  a  NATO  contract  HTECH,CR4  . 


Figure  1:  Linear  polarisation  oscillations  of  the  XH  c.xciton 
luminescence  versus  the  tLphasing  between  the  two 
excitation  pulses.  Time  delay  between  o*  and  0"  pulses:  (a) 
(b)  ti”6.66  ps.  The  excitation  phototi  energy  is  set  at 
resonance  with  tlie  XH  exciton  ( 1 .568  e V). 

The  total  incident  energy  density  is  about  20  nJ/cm^  per  pair 
of  excitation  pulses.  The  dots  are  e.xperiineniai  data  (solid 
line  is  a  guide  to  the  eyes). 
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Figure  2;  Decay  of  tiie  linear  poiaiif.ation  exlrcina  versus 
time  delay  t,.  The  experimental  data  are  shown  as  dots  with 
errc'bars  (the  dasiicd  line  is  a  guide  to  the  ejes), 


[I]  A.P.  Heberle  et  al..  Phys.  Rev  Lett..  75.  1 3  (1995). 
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Resonaiit  Faraday  Rotation  in  a  Semiconductor  Microcavity 

A.V.  Kavokin,  M.R.Vladimirova,  M,A.Kaliteevski, 
lojfe  Phy  Jcotechnical  histitute,  124021,  Polytechnicheskqya,  26,  St. -Petersburg,  Rtissia 
O.Lyngnes,  J.D.Berger,  H.M.  Gibbs  and  G.  KhitroVa 
Optical  Sciences  Center,  University  of  Arizo?  .1,  Tucson,  AZ85721,  USA 

Faraday  rotation  at  quantum  well  exciton  resonances  is  enchenced  in.  a  microcavity  due 
to  multiple  roiurd-trips  of  liglit  between  mirrors  when  the  cavity  mode  is  strongly  coupled  to  the 
cxciton  and  is  accompanied  by  a  resonant  ’•edistrbution  of  signal  between  rigjit  -  and  left- 
circural  polarizations.  We  ob.serve  a  .1'’  Faraday  rotation  in  the  reflection  spectrafrom  an 
(InGa)As/GaAs  quantum  well  raicocavity  in  1 1  Tesla  magnetic  field  when  the  cavity  mode  is 
resonant  with  either  heaw  or  light-hole  exciton. 

Although  the  first  works  on  the  magneto-optics  of  normal  mode  coupling  in 
semiconductor  microcavities  have  appeared  very  recently,  a  number  of  striking  effects 
have  alredy  been  found  [1-4].  Herein  we  present  the  study  of  the  magnetic  field  effect 
on  the  polarization  of  light  propagating  in  semiconductor  microcavity. 

It  is  well  known  that  plane  of  polarization  of  linearly  polarized  light  experiences 
a  Faraday  rotation  as  it  propagates  through  a  semiconductor  in  the  presence  of  a 
magnetic  field.  Tliis  effect  is  enhenced  in  the  vicinity  of  an  exciton  resonance,  and  its 
magnitude  is  governed  by  the  exciton  g-factor  and  oscillator  strength.  Tire  resonant 
Faraday  rotation  in  transmission  has  been  studied  recently  for  semimagnetic  quanium 
well  (QV/)  system,  wheiu  excitons  have  giant  g-factor  due  to  their  exchange  interaction 
with  magjretic  ?-^ns  [5].  Detected  rotation  angles  Were  of  tlie  order  of  tens  of  millidegree 
for  a  double  QW  system  and  are  expected  to  be*  much  less  in  similar  nomnagnetic  QW. 

Our  idea  was  amplify  the  Faraday  rotation  effect  by  placing  the  QW  iii  a 
microcavity  and  tuning  the  cavity  mode  onto  resonance  with  QW  excitonic  transition. 
The  rotation  is  .strongly  amplified  due  to  multiple  round-trips  of  light  between  two 
niiiTors  during  the  lifetiiTie  of  the  exciton  polariton  mode. 

For  experimental  studies  two  identical  8  run  Ino.o4Gao.9&A.s  QWs  were  grown 
ins'  le  a  3X12  microcavity  v/ith  symmetric  99.6%  reflectivity  mirrors  consisting  of  14 
and  16  Vt  period  GaAs/A’As  Bragg  mirrors.  'The  QW  were  placed  ain  the  antinode  of  the 
intracavity  field.  By  moving  across  the  sample,  the  cavity  mode  could  be  brouglrt  into 
resonance  v/ith  different  exciton  transitions.  Reflection  measurements  were  performed 
in  Faraday  geometry  at  T-1.8  K  using  superconducting  magnet,  Detailed  mformation 
about  tire  sample  one  can  find  in  [3]. 

Fig.  1  shows  the  theoretical  and  experimental  microcavity  reflection  spectra  in 
11. 25  Tesla  magnetic  field  detected  in  or.  and  ct+  circular  polarization,  linear  polarization 
and  linear  cross-polarization,  i.e.  detected  in  tlie  linear  polarization  orthogonal  to  the 
polarization  of  incident  light.  The  cavity  mode  is  coupled  to  the  el-lhl  exciton 
resonance  which  experiences  the  Zeeman  splitting  of  1.3  eV.  One  can  see  that  the 
posihons  of  the  .spectral  dips  are  substantially  different  in  a.  and  (T.^  circular  polarization 
which  results  in  the  appeaience  of  a  resonant  signal  in  the  linear  cross-polarization.  Also 
is  seen  a  series  01  strong  dips  corresponding  ro  optically  coupled  bulk  GaAs  exciton- 
poiariton  shares  in  the  cavity  and  minors.  The  tola!  thickness  of  GaAs  layers  is  about 
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Fig.l  Measured  (solid)  and  calculated  (dashed)  microcavity  reflection  spectra  in  11.25 
Tesla  when  the  cavity  mode  is  luncd  to  the  el-lhl  exciton  resonance  in  ct.  and  a, 
circular  polarization,  linear  polarization,  and  linear  cross-  polarization, 


cl-hhl  el-lhl  e)-lh3  bullcGaAs 


Fig.2  (a)  Measured  (solid)  and  calculated  (dashed)  microcavity  reflection  spectra 
in  1 1.25  Tesla  when  the  cavity  mode  is  tuned  to  the  eJ-hhl  exciton  resonance  linear 
polarization,  and  (iiiear  cross-  polarization.  (W  Calculated  Faraday  rotation  angle  and  (c) 
degree  of  circular  polarization  (dashed  line).  Dotted  line  in  (b)  shows  Faraday  rotation 
angle  in  fratismission  through  centra!  cavity  layer. 
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2}im,  whereas  the  total  thickness  of  two  InGaAs  QW  in  the  cavity  is  only  16  nm. 
Nevertheless,  the  Qws  resonant  signal  in  linear  cross  polarization,  which  is  a  measure  of 
the  Faraday  effect  has  the  same  order  as  bulk  exciton  resonance,  even  though  it  has  less 
than  1%  of  the  path  lelength.  When  we  tune  the  cavity  mode  away  from  theQW  exciton 
resonance,  the  resonant  signal  in  the  linew  cross  -polarization  vanishes. 

Although  the  Zeeman  splitting  oieUhhl  excitonic  transition  (0.6  meV)  is  much 
less  the  the  splitting  of  el-lhl  exciton  (1,3  me\')  we  can  see  substantial  signal  in  cross- 
polarization  when  cavity  mode  tunned  to  el-hhl  resonance  (Fig.2).  Tliis  is  becouse  the 
el-hhl  oscillator  strength  is  tree  times  stronger  then  that  of  el-lhl. 

Excelent  agreement  between  theory  and  experiment  allows  us  to  obtain  with 
good  accuracy  the  Faraday  rotation  angle  and  the  degree  of  circular  polarization  in 
reflection  for  linearly  polarized  incident  light  (Fig.2  b,c).  Tire  dotted  line  in  Fig.  2b 
shows  the  calculated  Faraday  rotation  angle  for  one  -way  propagation  trough  the  central 
cavity  layer  with  two  QWs.  The  rotation  angle  is  strongly  increased  at  the  cavity 
polariton  eigenmode  frequencies.  This  is  accompanied  by  the  appearence  of  an 
uncompensated  circulary  polarized  component  of  liglit  (Fig  2c).  The  rotation  angle  from 
the  whole  microcavity  has  the  opposit  sign  comparing  to  rotation  angle  of  liglit  inside 
the  cavity. 

In  conclusion,  semiconductor  raicrocavities  provide  a  resonant  amplification  of 
the  Faraday  effect  due  to  multiple  round  trips  of  light  intensity  between  a.  and  ct+ 
polarized  components.  Experimentally,  the  resonant  Faraday  rotation  has  been  measured 
in  linear  cross-polarized  reflection  spectra  of  the  microcavity  with  two  embedded 
InGaAs/GaAs  QWs. 

For  the  details,  we  refer  the  reader  to  [6,7]. 

We  gratefully  asknowledge  RFBR  and  MNTP  “Nanostructures”. 
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COMBO']  ED  EXC.iTON-ELECTRON  PROCESSES  IN  MODULATION  DOPED  QW 
STRUCTURES 

V.Kochereshlco^D .Yakovlev W.Ossau^,  G.Landwehr^,  T.Wojtowicz^,  G.Karczewski^,  J.Kossut^ 
^A.F.IoJfe  Physico-Technical  Institute  Russian  Academy  of  Sciences,  St.Pelersburg,  Russia 
^Physikalisches  Inslitnt  der  Univcrsiidt  Wiirzimtg,  97074  Wiirzburg,  Germany 
^Institute  of  Physics  Polish  Academy  of  Sciences  PL02608  Warsaw,  Poland 

Bound  cxciton-eicctron  complexes  (X*)  and  resonant  exciton-clectron  states  (ExCR)  have  been 
studied  in  modulation-doped  QWs  with  two-dimentional  electron  gas  of  low  density. 

CdTe/Cdo  yMgo  3Te  heterostructures  grown  by  niolecular-bcam  epitaxy  on  (ICO)  oriented 
GaAs  substrates  were  used  for  the  studies,  llie  structures  were  modulation-doped  with  Iodine  in  the 
barrier  at  the  distance  of  tOO  A  from  tlie  QW.  Tlic  electron  concentration  in  QWs  was  varied  for 
difrerent  samples  from  0  to  lO^lcnr'’-.  Photoluminescence  (PL),  photoliiminescence  excitation  (PLE) 
and  icllcctivity  spectra  were  studied  in  magnetic  fields  up  to  7.5T  at  1.6K. 

PL,  PLE  and  reflectivity  show  strong  emission  aiid  absorption  lines  related  to  the  negatively 
charged  exciton-clectron  complexes  (trions).  The  trion  line  (X")  is  strongly  polarized  in  PLE  and 
reflectivity  spectra  and  is  nearly  unpolarized  in  PL  spectrum.  This  reflects  the  fact  that  the  ground  state 
of  the  tnon  is  a  singlet.  X"  line  presents  in  doped  structures  only  and  dominates  tlie  PL  spectra  with  the 
increase  of  electron  concentration.  In  the  reflectivity  it  can  become  even  stronger  than  tlie  exciton  line. 
On  the  contrarj'  the  intensity  of  the  exciton  line  was  observed  to  be  always. larger  in  PLE  spectra.  These 
facts  indicate  very  large  rate  of  exciton  trapping  into  tlie  trion  state.  This  rate  can  even  be  much  higher 
then  the  rate  of  exciton  radiative  recombination. 

PLE  and  reflectivity  in  the  presence  of  magnetic  fields  show  also  combined  exciton  cyclotron 
resonance  (ExCR)  lines  caused  by  photocrcation  of  exciton  and  simultaneous  excitation  of  backround 
electron  between  Landau  levels  (I.L).  We  obsen-ed  two  such  transitions  in  our  samples.  One  (ExCRl) 
from  the  lowest  LL  (N=0)  to  the  next  (N=l)  and  second  (ExCR2)  from  the  lowest  LL  to  the  LL  with 
N-2.  We  have  found  that  the  intensity  of  ExCRl  line  can  even  exceed  the  intensity  of  exciton  line  in 
rcflcctivit}'  spectra.  This  reflects  vciy  largo  contribution  of  such  processes  to  tlie  dielectric  function.  In 
doped  structures  at  zero  magnetic  field  a  high  energy  wing  of  exciton  line  is  additionaly  broadened  due 
to  ihc  exciton-clectron  scattering.  Magnetic  fields  suppress  the  scattering  processes,  the  broadening  of 
exciton  line  gets  smaller  and  ExCR  lines  appear  at  the  high  energy  side  of  tlic  e.xciton  line.  In  PL  spectra 
of  doj)cd  stnicturcs  we  obscn’cd  a  line  caused  by  the  shake  up  process  connected  with  the  anniliilation 
of  exciton  with  simultaneous  c.xcitatioo  of  background  electron  between  Landau  levels. 
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Pecuiarlties  of  the  light  hole  transitions  in  substrate-free  stressed  heterosystem 
an,Ga)As/GaAs  with  MQWs 
S.I.  Koldianovskii,  K.Mouiriaiiis,  M.E.Sasin,  R.P.  Sersyan 
A.F.  Ioffe  Physico-Technical  Institeie,  26  Politechnicheskaya,  164021,  Russia 

1.  Introduction 

Low-dimensional  struclures  based  on  (In,Ga)As/GaAs  heterosystem  have  attracted  an  increased 
attention  during  recent  years.  First  of  all,  this  is  because  in  a  range  of  In  compound  x=0-^0,3  these  QWs  belong 
to  the  mixed  type  I  -  type  II  class,  so  that  the  QW  represent  an  attracting  potential  for  an  electron  and  a  heavy 
hole  and  repulsing  potential  for  a  liglit  hole.  The  heavy-hole  exciton  transitions  clearly  are  spatially  direct 
while  the  nature  of  light-hole  excilons  is  not  evident.  In  pronounced  tj-pe  II  QWs  excitons  <ire  spatially  indirect 
which  makes  their  oscillator  strength  much  smaller  than  the  exciton  oscillator  strength  in  type  I  QWs. 
However,  optical  spectra  of  (In,Ga)As/GaAs  QWs  show  pronounced  light  hole  exciton  transitions,  which 
contradicts  with  the  model  of  spatially  indirect  excitons  [1,2].  The  “Coulomb  well”  model  resolves  this 
problem  supposing  that  the  light  hole  excitons  are  spatially  direct. 

.  Electron-hole  attraction  is  described  in  this  model  by  ititroducing  of  one-dimensional  L-ffective 
potential  created  by  electron  which  confines  the  light  hole  in  normal  to  QW  plane  direction.  For  the  first  time 
an  additional  hole  confinement  in  QWs  due  to  its  Coulomb  attraction  to  the  electron  has  been  described 
theoretically  for  the  case  of  type  I  QW  with  infinite  barriers  in  [3].  The  “Coulomb  well”  has  been  supposed 
parabolic,  which  yields  equidistant  hole  energy  levels.  The  parabcHc  approximation  provides  good  agreement 
with  experimental  data  on  the  fine  excitonic  structure  in  0-dimensional  microcrystals  CdS  and  CdSe  where  the 
model  of  infinite  barriers  is  reasonable.  In  our  case,  however,  there  is  no  barriers  for  the  light  hole  at  all,  so 
that  the  approach  to  description  of  the  “Coulomb  well”  effect  should  be  substantially  modified. 

Experimentally,  “Coulomb  well”  effects  on  the  excitonic  spectrum  can  be  revealed  in  the  fine 
structure  of  excitonic  transitions  which  requires  very  nairow  spectral  lines  and  correspondingly  high  quality 
sam.ples.  In  this  paper  we  report  a  magnetooptical  study  of  record  quality  MBE  grown  (In,Ga)As/GaAs 
samples,  prepared  in  Optical  Science  Center,  University  of  Arizona,  and  kindly  placed  at  our  dii;posal  by 
H.Gibbs  and  G.Kliitrova.  For  optical  measurements  substrates  were  completly  removed  by  chemical  etching. 

2.  Theoretical  background 

Consider  first  single  particle  electron  and  hole  energies  in  strained  (In,Ga)As/GaAs  QWs.  Tliin  In.Ga„ 
.As  layers  are  lattice  matched  to  the  GaAs  substrate  which  results  in  the  band  gap  increase  and  splitting  between 
heavy  and  light  holes  so  that  the  potential  well  gets  deeper  for  heavy  holes  and  vanishes  for  liglit  holes. 
Assuming  tlie  ratio  of  hydrostatic  strain  constants  for  conduction  and  valence  bands  [2]  one  can  write 
equation  for  the  electron,  heav}' and  light  hole  band  energies  as: 


E,  -  AE,  (x)  +  ~ 

^  J  +  a  13.9  +  x 


E,,  =  AE,{x)- 


Eii,  =AE.,{x)- 


l  +  gf  13.9 +  .X 
i  +  m*x 


I — 1  +  i  J?i(]  +  A™)— ^ — 

'!3.9  +  x|  4Ao(x)  13.9  +  x 


Here  A£'^(„,(x)  is  conductor  (valence)  band  parts  of  the  change  with  x  ,  a  and  b  are  constants  of 


deformation  potential,  is  parameter  depending  on  elastic  constants  [2].  fhe  difference  in  condition 
betv/een  free  sample.s  and  samples  on  substrate  is  manifested  by  the  relative  shift  of  the  lines.  Fig.  1 
demonstrates  also  tlie  condition  of  strain  of  the  GaAs  barrier  layers  in  free  samples  measured  by  exciton  !ii->s 
shift  6E  and  splitting  A..  Defining  them  by  the  most  intensive  edge  lines,  wc  can  calculate  GaAs  dcf'onnaiion  e 
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using  data  of  Ref.4:  A^,  =  2^t{l  +  A)c'  =  6.43e ,  S£  =  a(2  -  A)e  =  -9.1  e ,  what  gives  mean  experimental  values 
of  c==4.3  lO"'  and  5.8  lO"'  for  NMC  21  and  NMC  11  respectively.  This  means  that  the  lattice  parameter  a  of 
tlie  GaAs  on  substrate  plane  is  extended,  so  that  o'  -  S']  +  Ao  ,and  this  partly  induces  a  decrease  of  strain  e,  in 
(In,Ga).As  layer  e,=  Cq+  e(2i)/5'|  ),  whore  is  an  initial  strain  in  {In,Ga)As  layers,  and  agand  S')  are  lattice 
constants  of  free  GaAs  and  (In,Ga)As  at  given  x,  respectivly.  So  the  difference  between  two  conditions  of  the 
samples  is  approximately  equal  to  the  barrier  layer  deformation;  Ae=^  e^  -  =  ek ,  where 

k=5.65 1 2/(5 .65 1 2-0.4.x)=<  1 .  This  allows  to  write  for  the  shift.  A,  and  Aj  of  HEl El  and  LH 1  El ,  respectively; 

A,.<.,(2-r  )o. 

A,  =o,(2-2r  (2) 

Calculating  tire  stn-in  induced  splittings  of  exciton  lines  we  haven’t  taken  into  account  quantization  of 
exciton-polaritons  [5]  which  changes  differently  light  and  heavy  hole  peak  positions.  Anyway,  the 
conespondence  between  calcu'ated  and  experimental  values  can  be  accepted  as  satisfactory. 

3.  Samples  and  experimental  technique. 

In  order  to  reveal  the  “Coulomb  well”  effects  the  In,Ga,.,As/GaAs  QWs  with  x=0. 054-0.08  have  been 
chosen  for  two  reasons.  First,  according  to  calculation,  they  should  exhibit  tlie  simplest  excitonic  spectrum 
since  there  is  only  one  confined  electron  stale  in  the  QW  of  width  less  then  lOOA;  second,  low  Indium 
concentration  provides  best  quality  of  samples  and  ultra-naiTOW  spectral  lines.  To  exclude  strain  relaxation 
effects  the  barriers  in  multiple  QW  structures  have  been  ^o'-vn  much  thicker  than  wells.  Parameters  of  the 
studied  samples  NMC  21  and  NMC  11  were  x=0.045  and  0.062,  £=90  and  88A,  £*=822  and  758A, 
respectively.  There  were  also  samples  with  higher  In  concentration  for  an  additional  measurements. 
A!„,Ga..As  0.5  jiin  tliick  stop  layers  allowed  to  remove  completely  the  substrates  by  chemical  etching.  Free 
samples  have  been  immersed  into  the  pumped  liquid  helium  cryostat  in  the  magnetic  field  up  to  7.5  T. 
Magneloabsorption  measurements  have  been  performed  at  the  normal  incidence  of  light. 

4.  Experimental  Results 

Optical  transmission  spectra  of  two  satnples  with  x=0.045  and  0.062  measured  either  before  or  after 
the  substiate  removal  are  shown  in  Fig.l.  Free  samples  exhibit  much  more  spectral  details.  Two  kinds  of 
spectral  lines  having  oifferent  scales  of  absorption  modulation  can  be  distinguished.  The  low  amplitude  lines 
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Fip_.1  Absorption  spectra  of  MQW  (ht,Ga)As/GaAs.  samples  ,V,VfC  11  (x-0.062)and  NMC  21  (x-O  OAS);  I,  I  - 
llilir.lih).  2,2"  flH!EI(2s).  3.3 '  -  LHIEI,  6  -  LH3EI.  B+  and  B-  are  U)>ht  and  heasy  hole  e.xcitons  in  GaAs 
barrier  layer. 
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correspond  to  the  transitions  to  the  (In,Ga)As  well  electron  level,  while  stronger  spectral  features  correspond 
to  the  transitions  in  the  GaAs  barrier  layers.  The  later  features  are  characterized  by  complex  multy-pcak 
system  of  transitions  and  could  be  described  in  the  terms  of  the  cxciton-poiariton  branch  quantization 
combined  with  weak  strain  effects  [5].  In  the  spectra  taken  before  substrate  removing  many  dehiils  are  failed, 
naturally  including  all  details  of  GaAs  barrier  beliavior.  All  peak  positions  in  the  free  samples  are  found 
longwave  shifted  ones  by  about  2.5-6.6meV.  The  shift  is  different  for  heavy  and  light  hole  transitions. 
Hereafter  we  will  discuss  the  low-amplitude  lines  associated  with  quantum  well  transitions.  These  lines  in 
their  turn  can  be  separated  in  two  groups;  two  lines  are  associated  with  HHIEI  exciton  ground  (Is)  state  and 
first  excited  (2s)  state,  and  the  series  of  lines  con  esponding  to  the  light  hole  exciton  states.  It  is  worth  to  note 
that  for  such  a  small  In  contents  there  are  no  other  allowed  optical  transitions  in  the  system  according  to  the 
calculated  energy  scheme.  The  fan  diagram  taken  in  magnetic  fields  is  shown  in  Fig.2.  It  is  clearly  seen  that 
there  is  one  group  of  lines  with  vety  typical  behavior  for  magnetoexciton  in  QWs  [6]  which  may  easily  be 
associated  ^ithHHl El  excitons. 

The  most  interesting  is  the  behavior  of  the  light  hole  exciton  lines  which  could  be  extracted 
mentally  by  excluding  of  all  above  discussed  milEl  exciton  lines.  First  of  all  the  light-hole  exciton  does 
not  form  its  own  fan  diagram  and  is  only  weakly  dependent  on  the  magnetic  field.  Moreover  the  same 
behavior  in  the  magnetic  field  is  demonstrated  by  the  second  light  hole  line  shifted  in  respect  to  the 
ground  state  transition  similarly  to  the  first  excited  (2s)  state  of  HHIEI  exciton.  At  stronger  fields  two 
lines  of  doublet  are  diverging  in  RCP  and  converging  in  LCP  like  if  they  have  opposite  signs  of  g-factor. 
This  effect  is  only  seen  in  free  samples  while  in  samples  having  a  substrate  the  dependence  of  two  light- 
hole  states  on  the  magnetic  field  is  quasi-parallel.  Very  weak  resemblance  of  fan  diagram  appears  in 
spectra  of  samples  with  higher  In  content,  but  all  Landau  levels  in  it  are  also  show  a  doublet  structure. 
And  last,  sometimes  weak  equidistant  "fine  structure"  is  detectable  at  energies  higher  doublet  lines. 


5.  Discussion 

Heavy  hole  exciton  transitions  dominate  in  the 
magnetoabsorption  spectra.  Fan  diagrams  are  typical 
for  we!l-to-well  transitions  in  the  magnetic  field  [6].  To 
restore  true  Landau  fans  one  has  to  add  individual 
binding  energies  to  the  all  experimental  point  positions. 
The  reconstruction  of  ^  Landau  fans  in  the  units 
j' =  + 1/2) ,  where  <»Q=eH/mc  is  free  electron 

cyclotron  energy,  proportional  to  the  magnetic  field  H  , 
is  shown  in  Fig.2  by  black  circles.  This  reconstraction 
confirms  choice  of  experimental  points  belonging  to  the 
light  holes.  Theoretical  data  obtained  in  [1,2]  makes 
possible  calculation  of  Coulomb  well  configuration  and 
of  oscillatory  energy  levels  in  it.  The  main  parameters 
of  such  a  well  weakly  depend  on  well  parameters  and 
for  our  samples  NMC  21  and  11  the  total  depth 
occurred  to  be  about  Vo=12-17meV ,  first  level  position 
is  LHl=-I2.5-15meV  and  splitting  between  LHl  and 
LH3  oscillatoiy  light  hole  levels  is  AE„„=2-5meV, 
respectively.  The  w-.dth  of  Coulomb  v/ell  on  half 
maximum  is  about  200A.  It  is  substantially  more  then 
ij  and  partly  overlap  barriers.  Taking  into  account 
mixing  of  light  hole  states  of  well  and  barrier  and 
exciton  binding  energies  calculated  in  Ref.l  we  can 
establish  quite  good  agreement  with  experiment  for 
doublet  splittings,  whereas  it  is  obvious  that  LHl  level 
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Magnetic  Field,  T 

Fig.2  Fan  diagrammes  of  NMC  21  as  an  example, 
RCP,  T=I  7K.  Rectangles  are  of  GaAs  barrier  first 
maxima,  circles  are  of  HHIEI,  rhombii.se.s  are  of 
LHIEI  and  LH3EI  and  triangles  are  of  additional 
transitions  in  the  LH  -  El  system  magnetoexciton 
maxima.  Solid  lines  are  calculated  positions  for 
HHIEI  Landau  level  transitions  and  black  circles  arc 
for  Efy)  reconstruction  of  HHIEI  transitions  (short 


position  is  too  high  and  comparable  with  sum  of  scale). 
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In,x  In,x 

Fig.3  ffHfEJ  and  LHIEl  transition  positions  vs  x.  Black  circles  are  experimental  points,  triangles  are 
CO,  responding  reconstructed  E/x)  points  for  heavy  and  light  holes.  Theoretical  E/x),  direct  for  heavy  holes 
(I)  and  indirect  (I)  or  direct  (2)  for  light  holes  ,  are  given  by  dashed  and  dotted(2)  curves,  solid  curves 
represent  quantum  level  transitions.  Transitions  are  schematically  shown  on  insets. 

A£j  A£;,^.and  TsE^  To  overcome  this  contradiction  an  additional  study  of  samples  with  higher  x  tvas 

undertakea  The  results  arc  shown  in  Figures  3a  and  3b.  where  simultaneously  with  experimental  points  for 
HHIEI  andLHlEI  transitions  belonging  to  the  sanqjles  with  different  x  and  curves  for  E/x;  .^^  and^',* 
are  plotted  (eq.l).  SubTacting  from  the  experunental  energy  positions  values  of  quantum  well  energy  levels  El 
and  HHl  we  can  reconstruct  E^x),  and  "Ehe  agreement  for  HHIEI  is  remarkable  and  experimental 

mistake  does  not  overcome  ±2meV,  while  experimental  points  fofLHlEl  are  near  corresponding  cutvres  for 
low  In  co.ncentrations  x<0.05  and  substantially  lower  for  higher  concentrations  x>0.05.  Shift  achieves  here  14- 
18meV,  and  this  explains  all  contradiction.  Indeed,  Coulomb  well  calculation  in  [1,2]  don’t  take  into  account 
shallow  position  of  electron  level  causing  confinement,  which  occurs  to  be  essential  at  x<0  ,05.  Only  for 
higher  x  the  theory  [1,2]  becomes  quantativiy  valid  whereas  at  the  lower  In  concentrations  it  remains  valid 
only  qualitatively.  Exactly  calculating  LH3  position  as  regards  to  valence  band  top  in  GaAs  hairier  and  tiding 
info  account  its  splitting  due  to  defonnation  e  and  barrier  -  well  light  hole  mixing  we  can  obtain  method  of  g- 
factor  estimation  for  the  oscillatoty  levels,  which  seems  to  give  an  answer  on  question  about  tire  reason  of  its 
different  signs  in  RCP  and  LCP  spectra. 
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Abstract.  We  report  the  studies  of  exciton  photoluminescence  (PL)  spectra  from  slightly 
asymmetric  double  quantum  wells  (QW)  of  Ga/\s  in  the  presence  of  magnetic  field  perpendicular 
to  the  QW’s  plane.  The  experiments  were  carried  out  in  the  ‘'indirect  regime”  in  which  structure 
is  biased  in  such  a  way  that  indirect  exciton  (IX)  transition  has  the  lowest  energy  position  in  PL 
The  magnetic  field  induced  changes  in  PL  are  revealed  mostly  as  shifts  of  IX  line  position  in 
energy  which  differ  markedly  fi-om  those  observed  previously.  In  particular  the  magnetic  field 
induces  shift  of  IX  line  to  lower  or  higher  energies  depending  on  sign  and  value  of  bias  voltage 
across  tlie  structure.  Possible  microscopic  mechanisms  of  this  anomalous  behaviour  aie 
discussed. 

Samples  and  experimental  arrangement.  The  samples  were  taken  from  wafer  NUl  1 17 
consisting  of  1  pm  GaAs  buffer  laj'er  followed  by  three  DQWs.  The  structure  was  grown  in 
Nottingham  University  by  MBEi  at  T=630®C  on  0.4  mm  thick  (001)  semi-insulating  GaAs 
substrate,  the  thickness  of  the  narrow  barriers  of  Alo.33Gafl.67As  between  two  QW  in  DQW  is 
3.82  nrh  and  that  of  the  thicker  barriers  betv^'een  DQW  is  20.35  nm.  The  widths  of  the  QWs  in 
DQW  differ  by  2  ML  (0.57  nm)  with  layertvidths  (QW/barrier/QW  in  nm)  of  20.07/3. S2/1. 95, 
i 0.1 8/3.82/9.6 1  and  8.20/3.82/7,63.  A  constant  electric  fie.ld  (V^c)  was  applied  across  tire  whole 
structure  (Fig.  la)  between  two  indium  contacts  deposited  on  the  substrate  surface  and  the 
sample's  face  with  QWs.  'lire  latter  contact  was  made  with  single  pin  hole  ptoviding  the 
possibility  to  excite  photoluminescence  (PL)  in  DQWs  which  was  studied  by  means  of  using 
double-gtating  monochromator  combined  with  photon-counting  system.  The  samples  were 
,  illuminated  by  Ke-Ne  laser  beam  (k  “  730.3  nnr)  providing  the  below  barrier  PL  excitation  and 
bathtemperaturewaskeptasloWas4.2K.  ■  f; 

The  magnetic  field  B  (up  to  5T)  was  applied  in  the  growth  direction,  ie  parallel  to  the  Vjc 
(Fig.  la).  Vdc  was  kept  negative  providing  relative  shift  of  band  structure  in  DQW  system  (I'ig. 
lb).  This  is  the  case  of 'indirect  regime"  which  is  characterized  by  the  lowest  energy  position  in 
PL  of  indirect  exciton  IX  (electron  in  wide  and  hole  in  narrow  QW)  .»-eiative  to  the  direct  exciton 
transition  OX  (electron  and  hole  ate  both  situated  in  the  wide  well)  -  see  Fig:  lb. 
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as  LIX)  to  opposite  side,  ie  to  higher  energies  (Fig.  2c).  Hie  shift  of  IX  line  spectra!  position 
versus  B  value  is  shown  in  Fig.  3  for  three  different  in  terms  of  AE  =  Eix(B)-E|x(B-0) 
dependence  on  B. 

Discussion.  Coming  to  the  discussion  it  is  important  to  note  that  AE  only  increa.ses 
(remaining  positive)  in  the  whole  range  of  B  at  Vo<Vdc<OV  (see  Fig.  3  b  and  c).  This  bia.s  range 
corresponds  to  the  regime  where  no  electric  current  across  the  whole  structure  was  detected.  In 
contrary  at  VjcS  when  electric  current  starts  (Vj,  *  -  -0.4  V)  magnetic  field  induces  decrease 

in  AE  followed  by  its  corresponding  increase  when  B  exceeds  2T  (see  Fig,  3a).  The  fact  that 
magnetic  field  shifts  IX  line  to  down  energies  (Fig.  3a)  means  that  more  electric  field  is  applied 
across  the  DQ^V  at  nonzero  B  comparing  to  the  case  when  B  is  switched  off  (at  the  same  fixed 
Vdc).  Thus  we  conclude  that  magnetic  field  blocks  the  electric  current  across  the  device.  At 
other  YdeS  no  current  occurs  (at  B=0)  and  hence  nothing  to  be  blocked.  So  the  magnetic  field 
induces  only  positive  shift  of  AE  (Fig.  3b  and  c). 

The  positive  shift  of  IX  line  position  was  reported  earlier  [3,4]  and  explained  in,  temis  of 
diamagnetic  shift  of  IX,  Really  in  low  magnetic  fields  hco^  <  Ed“  (where  hcoc  is  the  cyclotron 
frequency  1.73  meV/T  for  electrons  with  m=0.067mo  and  =3.3  meV  is  the  IX  binding 
energy  [2])  AE=axB^  where  a  -  (l/Ep'^)^  [3].  But  at  high  magnetic  fields  hco,  >  Ed”^  spectral 
position  of  IX  ground  state  which  is  detected  in  luminescence  should  follow  Landau  levels 
position  [3],  namely 

Eix(B)  =  Eix(B=0)  +  1/2  {ha)c  +  h(Oc}  -  Ed  ^(B),  where  Ed^  (B)  ~  (rf^ '+  Ajj-)  *''"  ( 1 ) 

where  is  effective  interwell  electron-hole  separation  in  the  two  QW’s  and  Ab  is  the  magnetic 
length. 

Indeed  as  it  is  seen  in  Fig.  3  AE  begins  to  acquire  positive  shift  when  ii  value  exceeds  2T 
which  corresponds  to  the  high  magnetic  field  regime,  namely  /n»/S:3.46  meV  which  exceed, s 
ED'^(B=0)  =  3.3meV. 

Thus  we  conclude  that  sign  of  IX  line  shift  is  determined  by  two  opposite  contributions: 

(0  low  energy  shift  is  due  to  the  magnetic  field  induced  total  or  partial  blockade  of 
electric  current,  and 

(ii)  high  energy  shift  is  due  to  the  diamagnetic  contribution  to  AE. 

Evidently  (i)  cari  be  detected  under  specific  conditions,  namely  when  current  passes  across  the 
whole  structure  and  hence  contribution  from  (i)  is  essential  only  when  Vjc  <  Vo.  As  concerns  (ii). 
it  should  be  active  at  any  values  of  if  only  /lOc  >  Ed’^  condition  is  satisfied.  As  it  follows 
from  Fig.3  the  absolute  values  of  AE  positive  shift  induced  by  magnetic  field  are  Vj,  value 
dependent.  This  can  be  explained  in  tenns  of  binding  energy  Ed'^  dependence  on  d{\)  which  in 
turn  can  be  strongly  affected  by  bias  voltage  magnitude  across  the  DQW  [5]  via  the  electric  field 
induced  changes  in  electron  and  hole  wavefunctions  overlap  in  the  growth  direction. 
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The  mechanism  of  electric  current  blockade  by  B  is  unclear,  further  experiments  are 
needed  to  reveal  the  role  of  magnetic  field.  However,  the  fact  that  we  detect  electric  current 
through  the  whole  structure  under  laser  illumination  means  that  free  charges  (electrons,  holes) 
created  in  GaAs  QWs  as  well  as  in  the  buffer  layer  and  the  substrate  pass  particularly  through  the 
AlGaAs  barriers  where  no  free  charges  are  generated  as  a  result  of  underbamer  excitation.  One 
of  the  possible  mechanisms  of  this  is  considered  as:  the  charges  tunnel  through  the  barriers  being 
trapped  (as  an  intermediate  step)  on  impurities  which  are  located  in  AlGaAs  barriers.  The 
effectiveness  of  these  processes  depends  on  lateral  (in  plane  of  QW)  spread  of  the  charge 
wavefunction  -  the  larger  spread  is,  the  more  efficient  trapping  becomes.  Magnetic  field  applied 
perpendicular  to  the  QW’s  plane  localizes  carriers  in  the  in-plane  direction  on  typical  space  size 
of  A.B,  thus  decreasing  probability  of  charge  trapping  and  this  eventually  leads  to  current 

quenching.  ■ 

In  conclusion  we  have  observed  anomalous  influence  of  B  On  the  IX  line  spectral 
position.  Particularly  the  sign  of  magnetic  field  induced  shift  of  IX  line  is  Vdc  value  dependent. 
This  is  assumed  to  be  due  to  the  magnetic  field  induced  blockade  of  electric  current  through  the 
whole  device,  i 
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K.Litvinenko,  A.Gorshunov,  V.I, Grinev,  J.M.Hvam*,  V.G.Lyssenko. 

Institute  of  Microelectronics  Technology 
Russian  Academy  of  Sciences,  Chernogolovka,  142432  Russia 

The  influence  of  manybody  effects,  which  occurs  due  to  the  presence  of  real  carriers, 
on  the  opticr '  Stark  effect  (OSE)  are  investigated  in  GaAs  multiple  qi’intum  wells  by  spectrally 
resolved  differential  transmission  spectoscopy.  The  OSE  for  excitonic  resonances  have  been 
investigated  in  great  detail  for  nonresonant  excitation  {1-3],  For  the  nonresonant  configuration, 
effests  such  as  coherent  oscillations,  blue  shift,  and  adiabatic  following,  known  from  atomic 
physics,  have  been  demonstrated.  However,  for  resonant  excitation  both  virtual  and  real 
carriers  are  excited  and  a  complicated  interplay  of  the  OSE  and  manybody  effects  occurs. 

The  sample  under  investigation  is  a  20  period  GaAs/Alo.3Gao.7As  multiple  quantum  well 
structure  with  wells  of  80A  and  barriers  of  20A.  After  MBE  growth  the  sample  is  lifted  off  tlie 
substrate  and  mounted  on  a  sapphire  disk  for  transmission  experiments.  A  liquid  helium 
cryostat  was  used  to  maintain  a  sample  temperature  of  5K  during  the  experiments. 

Pulses  of  100  fs  from  a  passively  mode-locked  Ti;  Sapphire  laser  were  used  for  the 
pump-probe  transmission  experiments.  The  pulses  were  split  in  to  paths  a  variable  delay  for  the 
probe  beam.  The  transmitted  probe  beam  was  dispersed  in  a  0.6  m  spectrometer  and  recorded 
with  a  multichannal  analyser,  resulting  in  a  resolution  better  than  0.’  meV  throughout  the 
spectral  range  of  the  experiment. 

The  absorption  spectrum  of  the  sample  and  the  laser  spectrum  for  excitation  below  and 
above  the  exciton  resonance  are  shown  in  Fig.l.  The  heavy  hole  exciton  (HHX)  and  light  iiole 
exciton  (LHX)  resonances  are  clearly  resolved  together  with  the  onset  of  the  heavy  hole 
continuum.  The  superlattice  minibatid  width  is  estimated  to  be  23  meV  and  thus  exceeds  the 
binding  energy  of  the  heavy  hole  exciton  of  the  isolated  quantum  well.  This  results  in  a  strongly 
anisotropic  three-dimensional  medium  with  modified  optical  properties.  However,  the  lineai 
absorption  can  be  calculated  by  a  method  using  a  fractional  dimensional  approach  [4].  We  .shall 

use  the  adopted  generalized  Elliot  formula  [5j  to  fit  the  experimental  data 
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Fig.  1 ,  Absorption  spectrum  of  sample  and  the  laser 
spectrum  for  tlie  two  detuning. 

Results  from  fits  with  the  generalized  Elliot  formula  are  shown  in  Fig.2.  The 
broadening  of  exciton  resonance  is  proportional  to  the  carriers  density  and  can  be  used  as  ■& 
measure  of  this  value.  For  the  case  of  resonant  excitation  one  can  see  an  overshoot  of  the 
exciton  density  during  pulse  overlap.  This  shows  the  presence  of  virtual  carriers  in  the  sample 
during  pulse  overlap,  For  the  case  of  nonresonant  exitation,  the  presence  of  both  real  and 
virtual  carriers  is  clearly  demonstrated  in  pronounced  overshoot  of  the  HHX  broadening  at 
pulse  overlap.  This  additional  carrier  density  results  in  the  unique  temporal  behavior  of  the 
exciton  binding  energy.  For  a  long  negative  time  delay  a  small  blue  shift  of  exciton  bindiiig 
energy  can  be  explained  by  the  OSE  for  both  excitation  conditions.  When  the  time  delay 
becomes  shorter,  the  real  carriers  should  start  to  play  an  important  role.  As  it  was  shown  in 
Ref  6,  the  influence  of  free  carriers  due  to  phace  space  filling  (PSF)  effect  results  in  the 
decreasing  of  the  binding  energy  (see  Fig.2).  Near  zero  delay  we  observed  a  rapid  increasing  of 
the  exciton  binding  energy  for  the  case  of  nonresonant  excitation.  Since  the  carrier  density  is 
not  significantly  changed  at  t-O,  the  rapid  modification  of  the  binding  energy  is  a  result  of  the 
scattering  of  free  carriers,  After  scattering  the  electrons  and  the  holes  do  not  occupy  the  same 
places  in  the  k-space  and,  consiquently,  can  not  take  a  part  in  the  PSF  effect.  Thus,  for  short 
positive  time  dalay  the  exciton  binding  energy  may  be  even  bigger,  than  its  nonexcited  value, 
due  to  exchange  and  corralation  effects  and  interaction  with  the  electro-magnetic  field 
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Fig.2.  The  change  of  the  exciton  binding  Fig. 3.  The  dependence  of  relaxation  time  of  tlie 

energy  and  the  exciton  Imewidth  as  a  function  electron-hole  plasma  on  the  carrier  density. 

of  the  time  delay.  Tlie  carrier  density  is 

estimated  to  be  1.4- 10* ‘cm'^  for  tlie  excitation 

below  HHX,  and  4,410’W^  for  the 

excitation  above  HHX, 

The  time  distance  between  the  maximum  red  and  blue  shift  of  the  binding  energy  is 
proportional  to  the  relaxation  time  of  electron-hole  plasma.  In  Fig. 3  one  can  see  the 
relaxation  time  as  a  function  of  carrier  dencity.  The  simples  model  explaining  this 
dependence  is  the  kinetic  model  of  electron  gas.  According  with  this  model  the  relaxation  time 
is  inversly  proportional  to  carrier  density:  1/T2^''’^~N  [7],  Tliis  approximaion  is  quite  good 
discribed  our  experimental  data.  It  means  that  for  our  experimental  condition  the  influence  of 
Coulomb  interaction  can  be  niglected  [8]. 

We  experimentaly  investigated  the  dependence  of  binding  energy  on  the  carrier  density 
for  a  fixed  time  delay  (x=500  fs)  and  obtained  that  the  effective  exciton  Mott  density  equals 
2.4l0‘^cm*l 

This  work  was  supported  by  the  INTAS-RFBR  95-0576  and  the  Russian  Fund  for 
Fundamental  Research  (Grant  ^  9:. -02-05046). 
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Exdtonic  states  ax  type-I  aad  type-II  quantum  well  stractures  based  on 
beryllium  chakogenides 

A.V.Platonov^,  D.R.YakovIev^>2^  U  Zehnder^,  V.Kochereshko^,  W.Ossau^  F.Fischerl, 
Th.Litzl,  A.Waag^,  and  G.Landwehr^ 

^ Pfiyslkalisches  Institut  der  Universitiit  Wilnhurg,  97074  Warzburg,  Germany 
^A.F.Joffe  Physico-Technical  Institute  Russian  Academy  of  Sciences,  St.Petersburg,  Russia 
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Wc  present  an  optical  investigation  of  tlie  novel  heterostructares  based  on  berj'llium 
chalcogenides  vvitli  both  a  type-I  and  a  type-II  band  alignment.  Iii  quantum  well  (QW) 
structures  witli  type-II  band  alignment  (BeTc  'ZnSe)  we  observed  sti'ong  exciton  transition 
involving  electron  confined  in  the  conduction  well  band  and  holes  localized  in  the  valence 
band  bairier  (botli  m  ZnSe  layer).  Behaviour  of  exciton  properties  in  this  kind  of  structure  as 
function  of  temperature  and  magnetic  field  was  compared  with  a  QW  structure  with  type-I 
band  alignment  (ZnSe/BeZnSe). 

Semiconductor  heterostaictures  based  on  beryllium  chalcogenides  are  relatively  new  and 
very  promising  materials  for  applications  and  for  fundamental  investigations.  Recently  these 
compounds  were  successfully  used  for  creating  a  laser  emitting  diode  in  a  blue  range[l].  But  at 
present  a  limited  number  of  papers  about  basically  properties  of  such  heterostructures  is  available. 
At  the  same  time  Be-containing  semiconductor  compound  allow  to  grow  high  quality  QW 
structures  with  positive  and  negative  valence  band  offset  and  with  a  wide  range  of  offset  values 
(up  to  2.0  e\Q.  Therefore,  these  structures  increase  faculties  for  the  band-structures  engineering. 
Also  a  targe  value  of  exciton  binding  energy  make  a  set  of  fine  effects  as  easy  observable  for 
instance  a  negatively  charged  exciton  [2]. 

The  studied  sttuctures  were  grown  by  moleculai-beam  epitaxy  on  GaAs  substrate  with 
(100)  orientation.  Two  samples  were  fabricated; 

sample  I:  70-A-thick  ZnSe/ZnBeSe  QW,  which  has  the  type-I  band  alignment,  i.e. 
electron  and  holes  have  a  minimum  of  energy  \r\  ZnSe  layer.  The  structure  was  slightly  doped  by 
In  the  barrier  layer. 

sample  2;  160-A-thick  ZnSe/BeTe  QV/.  This  system  has  a  type-II  band  alignment  with  a 
very  large  confinement  potential  for  electrons  (about  2.0eV),  which  are  localized  in  ZnSe,  and  for 
holes  (0.9eV),  which  have  the  minimum  of  their  energy  in  BeTe  layers. 

Reflectivity  and  photoluminescence  spectrafPL)  at  temperature  1.6  K  for  samples  1  and  2 
are  presented  in  fig.  l(a,b),  respectively. 

For  the  type-I  QW  the  reflectivity  spectrum  shows  three  resonance's,  which  can  be 
identified  as  excitons  with  heavy  hoie,  with  light  hole  and  bound  eYciton  on  a  donor  or  negatively 
charged  exciton  [2]  (which  are  not  spectrally  resolved).  At  low  temperabmes  the  dominating  peak 
in  a  PL  (2.822eV)  spectnim  corresponds  to  the  bound  exciton  state. 

A  strong  resonance  is  at  the  energy  exceeding  the  ZnSe  band  gap  observed  for  the  type-II 
structures  in  the  reflectivity  spectrum,  BeTe  has  a  direct  band  gap  of  about  4.2eV  hence  we 
identify  the  resonance  as  a  transition  f  etween  electron,  which  is  confined  in  ZnSe  QV^^  and  the 
hole  from  a  quasi-localized  above-barrier  state. 
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Fig.  1.  Reflecth  (ty  under  normal  incidence  and  PL  specira  at  temperature  1.6  K  for  sample  I  (a)  and  sample  J.  (b). 

By  fitting  the  reflectivity  spectra  to  analytical  expressions  [3]  we  found  the  following 
excilon  parameters  for  the  type-I  QW:  resonance  energy  o)o=2.828  eV,  oscillator  strength  2 
sneV  damping  r-^1.3  meV;  and  for  the  type-II  QW;  «io=2.805  eV,  coit=1.05meV,  r~1.6  meV. 
The  comparable  oscillator  strength  of  the  type-II  and  type-I  QWs  and  a  relatively  small  exciton 
damping  for  type-II  evidence  the  strong  hole  localization  in  the  .ZnSe-layers,  i.e.  in  the  above 
barrier  states.  By  using  magneto-reflectivity  measurements  we  also  estimated  an  exciton  binding 
energy  for  both  structures;  =  30  meV ,  E"  =  25  meV .  Summaiised  all  facts  mentioned  above 
we  can  conclude  that  in  the  studied  type-B  structure  electrons  in  QV/  and  holes  which  are 
localized  above  the  barrier  create  an'excitonic  state  v«th  similar  parameters  as  in  the  type-I  QWs. 

We  also  measured  temperature  dependencies  of  the  exciton  linewidth  for  both  structures; 
The  d'-astically  increase  of  this  quantity  for  the  type-II  QW  was  obs^erved  at  a  low  temperature 
i'T<I0OK)  range  in  comparison  with  the  type-I  QWs  and  bulk  matemis.  This  effect  is  explained 
by  enhancement  of  the  acoustical  phonon  scattering  for  the  above  barrier  state  in  the  type-II  QW^ 
The  results  of  model  calculations  of  such  enhancement  are  in  a  good  quantitative  agreement  with 
the  experimental  data.  ^  ^  ^  ^ 
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by  tlie  Russian  Foundation  for  Basic  Research  grant  No.95-02-04061a. 
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The  large  exciton  binding  energy  in  wide-gap  semiconductors  and  quantum  wells  favo  'rs 
excitonic  gain  processes  for  which  no  satisfactory  theoretical  treatment  exists.  A  knowledge 
of  the  balance  between  excitons  and  free  carriers  is  important  in  determining  the  dominant 
gain  process.  It  is  known  that  a  naive  application  of  the  Mott  criterion  for  the  metal-insulator 
transition  as  well  as  the  use  of  a  law  of  mass  action  are  insufficient,  as  screening  of  excitons 
by  the  electron-hole  plasma  and  strong  scattering  of  particles  within  the  plasma  both  play  a 
crucial  role.  A  simple  formalism  to  study  simultaneously  bound  states  in  a  .screened  potential 
and  scattering  of  charge  carriers  by  the  same  potential  is  needed. 

We  apply  a  variable-phase  approach  [1]  known  from  scattering  theory  to  study  scat¬ 
tering  and  bound  states  in  an  attractive  Coulomb  potential,  statically  screened  by  a  two- 
dimensional  (2D)  electron  gas.  Levinson’s  theorem,  which  connects  the  number  of  bound 
states  in  a  given  potential  with  the  scattering  phase  shifts  of  a  slow  particle,  is  generalised 
to  the  2D  case.  This  theorem  is  used  for  bound-state  counting  and  a  hitherto  undiscovered 
simple  relation  between  the  number  of  bound  states  and  the  screening  radius  is  found. 

A  proper  account  of  scattering  eliminates  discontinuities  in  thermodynamic  properties 
of  the' electron-hole  system  whenever  bound  states  disappear  due  to  screening.  Consistent 
treatment  of  bound  states  and  scattering  allows  us  to  estimate  the  distribution  of  electron- 
hole  pairs  between  correlated  and  free-carrier  states. 

In  what  follows  we  consider  a  simple  case  in  which  a  screened  charge  resides  in  the  same 
plane  as  a  screening  2D  electron  gas.  This  geometry  is  appropriate  to  the  problem  of  screened 
excitons  in  a  narrow  quantum  well.  We  assume  that  an  attractive  potential  is  created  by  a 
point  charge  e  at  the  origin  and  use  throughout  this  paper  excitonic  Rvdberg  units  where 
length  and  energy  are  scaled,  respectively,  by  the  effective  Bohr  radius  a*  and  Rydberg 
Ry*.  In  these  units  and  geometry  the  Thomas-Fermi  expr^sion  for  the  statically  screened 
potential  in  the  electron  plane  [2]  is 

V;(g)  =  -47r/(<7-f  ,  (1) 

where  <7,  is  the  2D  screening  wavenumber.  Eq.  (1)  is  the  2D  analogue  of  the  Yukawa 
potential.  Taking  the  2D  Fourier  transformation  of  Eq.  (1)  yields  in  real  space 

V,{p)  ~  ~  >  (2) 

where  Jo(9P)  is  the  Bessel  function,  and  p  =  (x’*  +  is  the  in-piune  distance  from  the 
origin. 

To  describe  the  application  of  the  variable-phase  method  in  2D  we  consider  a  particle 
moving  with  energy  B  —  in  the  potential  V{p)  which  has  radial  symmetry.  At 
large  distances  from  the  scattering  center,  the  radial  wave  function  satisfies  the  free  Be.ssel 
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equation,  whose  general  solution  is 


/  2  \ 

Rm{p)  =  wsS„  -  JV„(M  sin  JJ  tl?  y!„  1^1  <»s(*:p -  <2m  +  l)!r/4  + 15„), 

(3) 

where  m  is  the  absolute  value  of  the  projection  of  the  angular  moAientum  onto  the  s3Tnmetry 
axis  of  the  potential,  5m  is  the  scattering  phase  shift,  Jm{kp)  and  Nm{kp)  are  the  Bessel 
and  Neumann  functions,  respectively.  In  the  variable-phase  method  Am  and  6m  are 
considered  not  as  constants  but  as  functions  of  the  distance  p  .  The  phase  function,  5„,(p), 
is  the  phase  shift  produced  by  a  potential  cui-off  at  a  distance  p.  Then  the  scattering  phase 
shift  can  be  obtained  as  a  large  distance  limit  of  the  phase  function  Sm{p)  ,  which  satisfies 
the  following  first-order,  non-linear  differential  Riccati  equation  originating  from  the  radial 
Schrddinger  equation: 

=  -^pV{p)[Jmikp)  cos  Sm{p)  “  ^m(M  Sin  Sm{p)?  (4) 

with  the  boundary  condition  5m(0)  =  0  . 

The  scr.3ened  Coulomb  potential  Vg{p)  ,  defined  by  Eq.  (2),  behaves  like  at  small 
distances  and  like  at  large  distances.  Such  behaviour  allows  the  application  of  the 
variable-phase  method  to  this  potential. 

Figure  1  shows  the  k  dependence  of  the  phase  shifts  5m  obtained  by  the  numerical 
solution  of  Eq.  (4)  for  the  screened  Coulomb  potential  V,{p)  with  g,  =  1/5  . 
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Figure  1:  Scattering  phase  shifts  versus  in-plane  wave  vector  k  for  a  2D  particle  in  an 
attractive  Coulomb  potential  screened  by  a  2D  electron  gas.  Screening  length  r,  =  l/g,  =  5. 

The  distinctive  feature  of  this  plot  to  which  we  draw  attention  is  that  in  the  low-energy 
limit,  /c  0  ,  the  scattering  phase  shift  is  an  integer  number  of  tt  : 

liindm  =  .  (5) 

k-*0 

This  behavior  may  be  .inderstood  recalling  Levinson’s  theorem  [3]  which  connects  the  zero- 
ener}',y  scattering  phase  shift  with  the  number  of  the  bound  states  for  non-relativistic  particles 
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in  3D.  We  expect  that  this  fundamental  theorem  holds  also  in  2D  in  the  form  of  Eq.  ^5), 
where  u  is  the  number  of  bound  states  for  a  given  m.  Despite  its  appeal,  Levinson’s  theorem 
has  not  been  widely  used  to  enumerate  bound  states  since  there  exists  an  ambiguity  in  the 
usual  definition  of  being  defined  only  up  to  mod(7r).  However  using  the  variable  phase 
approach  avoids  this  problem  since  the  phase  function  is  uniquely  defined  by  Eq.  (5)  for  all 

p. 

In  Fig.  2  the  number  of  bound  states,  obtained  as  the  low-energy  limit  of  the  scattenng 
phase  shift  in  units  of  tt  ,  is  plotted  as  a  function  of  the  screening  length  r,  =  Ifij^  for  the 
potential  .  As  the  screening  length  increases,  the  potential  supports  more  bound  states 
and  these  new  bound  states  appear  at  critical  values  of  the  screening  length  indicated  by  the 
steps.  One  can  see  from  the  location  of  these  steps  that  the  i/-th  bound  state  for  a  given 
m  appears  at  the  critical  screening  length,  given  by  a  simple  formula 

(r,)^  =  (2m  +  v-  i)(2m  + 1/)/2  ,  i/  =  1, 2,  . . .  .  (6) 

This  intriguingly  simple  relation  has,  to  our  knowledge,  never  been  reported  despite  numer¬ 
ous  calculations  of  the  binding  energy  in  the  screened  Coulomb  potential,  since  conventional 
numerical  methods  for  the  binding  energy  calculation  fail  for  extremely  shallow  energy  lev¬ 
els.  Note  that  for  m  =  0  the  first  bound  state  appears  immediately  at  (r^)^  =  0, 
corresponding  to  the  fact  that  there  is  always  at  least  one  bound  state  in  any  symmetric  2D 
attractive  potential.  Using  Eq.  (6)  we  can  simply  evaluate  how  many  bound  states  the  2D 
statically-screened  Coulomb  potential  will  support  for  any  value  of  m  .  \  ■ 


SCREENING  LENGTH  r. 

Figure  2:  Number  of  bound  states,  calculated  as  the  low-energy  limit  of  the  phase  shift, 
plotted  versus  the  screening  length  r, .  New  steps  appear  at  (rs)^  =  (2m+t/-l)(2m-f-i/)/2  , 
=  1,  2,  .... 

For  many  applications  (e.g.,  in  a  partition  function  calculation)  the  value  of  the  binding 
energy,  not  just  the  number  of  bound  states,  is  important.  '  The  variable-phase  method 
provides  an  elegant  and  efficient  solution  of  the  eigenvalue  problem  as  well.  To  approach  this 
problem  we  recall  that  for  the  stp.tes  with  negative  energy  the  wavenumber  k  is  imaginary, 
k  —  in  ,  and  we  introduce  the  function  fim{p,K.)  vanishing  in  the  origin  and  satisfying  a 
non-linear  equation 

^/‘m(p, «)  -  -  ^  cos rt)  -f  ~K,Jh-.p)  .sin  fl,„(p,  K)j  ,  (7) 
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where  /m(Kp)  and  Km(i^p)  are  the  modified  Bessel  functions  of  the  first  and  second 
kind,  respectively.  The  functions  and  Kmiup)  represent  two  linearly  independent 

solutiojis  of  the  free  radial-wave  Schrodinger  equation  for  the  negative  value  of  energy,  E  ^ 
-K^  ,  and  cot  characterizes  the  weights  of  the  diverging  {Jm)  and  converging  {Km) 
solutions  as  p  oo  .  For  the  bound  state  the  diverging  solution  vanishes,  implying  the 
asymptotic  condition 

oo  ,K^)  =  (i/-l/2)ir,  =  .  (8) 

Here  u  numerates  the  bound  states  for  a  given  m  and  {u  -  1)  is  the  number  of  non-zero 
nodes  of  the  radial  wave  function. 

The  two-body  interaction  part  of  the  partition  function  of  interacting  2D  Boltzmann 
particles  is  given  by 

2.n.  =  +  ^ ,  (9) 

wiiere  p  is  the  reduced  mass,  Co  =  1 ,  Cm  =  2  for  m  >  1  .  Eq.  (9)  is  a  2D  analog  of 
the  Beth-Uhlenbeck  foimula  and  it  can  be  derived  in  the  same  fashion  as  in  the  3D  case  [4]. 

An  important  consequence  of  Levinson’s  theorem  for  statistical  mechanics  of  a  3D  plasma 
is  a  removal  of  discontinuity  in  partition  function  whenever  a  bound  state  disappears  due 
to  screening  (5,6).  Exactly  the  same  happens  in  a  2D  case  if  the  contribution  from  phase 
shifts  is  properly  taken  into  account.  Integrating  by  parts  and  using  Levinson’s  theorem  in 
the  form  of  Eq.  (5)  we  can  rewrite  Eq.  (9)  as 

=  ECAeM-E,nffkBT)-l]  +  ^r^  r(f;,O^S„)eM-]^Pl‘>‘BT)pdf,  (10) 

m,i/  •'0  \m=0  / 

where  the  double  sum  in  the  first -term  ranges  only  over  bound  states.  Thus  the  zero^energy 
part  of  the  phase  shift  integral  exactly  cancels  the  zero-energy  part  of  the  bound  state  sum, 
removing  the  discontinuity  in  Zint  as  a  function  of  the  interaction  strength.  The  variable- 
pliast;  method  allows  to  calculate  both  terras  of  Eq.  (10)  with  the  same  accuracy. 

For  the  calculation  of  the  degree  of  ionisation,  electron-electron  and  hole-hole  repulsion 
should  be  taken  into  account  (6).  The  repulsion  term  partially  compensates  the  integral 
term  in  the  partition  function  and  it  can  be  also  calculated  using  the  variable-phase  method. 
Finally,  the  degree  of  ionisation  of  2D  electron-hole  plasma  (which  characterizes  the  balance 
between  correlated  states  and  free  quasioarticles)  can  be  calculated  in  a  wide  range  of  den¬ 
sities  and  temperatures. 
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The  idea  about  utilizing  quantum  mechanic,s  to  perform  cryptography  and  compulation  has 
drawn  a  lot  of  interest  in  recent  years  [1].  Several  schemes  and  systems  to  realize  these  ideas  were 
proposed,  and  demonstrated.  One  of  the  most  practical  .schemes  to  realize  quantum  cryptography 
is  to  use  photons,  encoding  the  information  in  the  polarization  of  the  photon  [2,  3j.  Quantum 
computation  can  also  be  performed  in  optical  systems,  and  a  prototype  logic  gate  was  demonstrated 
using  single  photons  and  a  high-Q  optical  cavity  [4].  However,  in  all  of  these  .schemes  thus 
demonstrated  so  far,  the  source  of  photons  was  either  highly  attenuated  laser  or  light  emitting 
diode,.or  one  of  the  photon  pairs  generated  by  parametric  down-conversion  process.  The  arrival 
time  of  the  photons  in  these  sources  are  determined  by  the  Poisson  statistics,  and  is  totally  random. 
The  lackof  ability  to  control  the  generation  times  of  the  photons  imposes  limitation  on  the  efficiency 
of  these  schemes. 

Generation  of  single  photons  with  well-defined  time  interval  is  crucial  in  improving  the  efficien¬ 
cies  of  these  scheme.s.  The  generation  of  such  photon  states  imply  highly  non-classical  quantum 
statistics  of  light,  as  the  photons  need  to  be  anti-bunched  in  time  domain.  It  was  proposed  recently 
that  such  photon  states  can  be  generated  by  a  mesoscopic  light  emitting  diode  with  high  quantum- 
efficiency  [5].  The  nonlinear  Coulomb  interaction  of  electrons  and  holes  (Coulomb  blockade)  in 
such  a  device  is  utilized  to  achieve  regulated  pumping  of  the  active  region  with  a  single  electron 
and  a  single  hole. 

Detection  of  single  photons  carrying  quantum  information  need  to  lie  tietected  with  high 
quantum  efficiency.  Current  technology  to  detect  single  photons  is  to  use  either  a  photomultipUer 
tube  (PM!!  or  a  Si  avalanche  photodiode  (APD)  in  Geiger  mode.  However,  the  quantum  efficiency 
of  PMT’s  are  generally  limited  to  below  15%.  Si  APD’s  can  detect  photons  with  high  {  -  80%) 
quantum  efficiency  and  relatively  good  time  resolution  (  ~  50  ns),  but  have  large  excess  noise 
factors.  This  results  in  compromise  between  quantum  efficiency  anc)  low  background  dark  count. 

In  this  work  we  report  some  progress  in  the  field  of  Avwg/e  photonics,  where  we  attempt  to 
fabricate  good  source  and  detector  for  single  photons. 

The  first  effort  is  the  fabrication  of  single  photon  turn.stile  device,  which  is  tlie  .source  for  photons 
with  well-defined  generation  time.  This  is  the  proposed  mesoscopic  p-n  junction  that  is  pumped 
with  re.sonant  tunneling  fSj.  First,  p-n  junction  was  carefully  designed  and  grown  by  molecular 
beam  epitaxy  of  GaAs/AIGaAs  multilayers.  Then,  we  fabricated  sub-micron  scale  devices  by 
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electron  beam  lithograph}'  and  electron  cyclotron  resonance  reactive  ion  etching  (ECR-RIE).  We 
hu\  e  observed  light  emission  from  these  mesoscopic  devices  down  to  0.6  f.im  in  diameter.  Some 
of  the  device.',  show  sharp  discrete  peaks  in  the  re.‘  onar.t  tunneling  current  and  a,ssociated  photon 
output,  .strongiy  indicating  that  the  inhomogeneous  broadening  is  resolved.  Such  photon  emission 
from  “quantum  dots”  produced  by  local  potential  fluctuations  could  be  utilized  to  demonstrate 
anti-bunching  of  photons  in  time  domain. 

The  second  effort  is  to  come  up  with  an  alternative  device  in  photon  counting.  We  characterize 
relatively  nev/  devices  used  for  photon  counting,  called  Si  solid  state  photomultipliers.  They  utilize 
impact  ionization  of  electrons  from  shallow  impurity  band  to  conduction  band  as  the  multiplication 
proce.':s.  The  quantum  efficiency  of  the,se  detectors  are  reported  to  be  clo.se  to  those  of  Si  APD’s, 
and  the  intrinsic  time  resolution  can  be  much  better  than  Si  APD’s.  Tlte  biggest  advantage  of  this 
device  is  its  low  excess  noise  factor,  which  results  in  narrow  dispersion  in  pulse  height  distribution. 
We  have  measured  the  excess  noise  factor  of  this  device  to  be  very  close  to  unity,  implying  that 
tire  avalanche  multiplication  process  in  these  devices  is  essentially  noise-free  [6].  We  have  also 
demonstrateci  that  the  fast  avalanche  multiplication  process  in  the.se  devices  can  be  utilized  to 
achieve  photon  counting  with  3  ns  time  re.solution.  This  is  more  than  an  order  of  magnitude  better 
tlnn  what  can  be  achieved  with  Si  APD’,s.  This  detector  also  proves  to  be  a  .strong  candidate 
in  loop-hole-free  test  of  Bell’s  inequality  using  entangled  photon  states  generated  by  parametric 
down-conversion  process. 
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,  Dynamics  of  semiconductor  microcavity  modes  in  ZnSe-metal  structure  was  investigated 
by  femtosecond  pump-supercontinuum  probe  spectroscopy  in  wide  spectral  region  300-800  nm. 
The  powerful  laser  pump  pulse  excites  electrons  of  metal  (i.e.  boundary  of  the  microcavity)  and  of 
5JnSe  layer  (by  two-photon  absorption  and  absorbtion  of  second-harmotiics  generated  photon). 
Photoinduced  changes  of  dielectric  ftmction  of  metal  transform  the  boundary  condition.  It  leads  to 
shift  of  frequencies  of  catdty  modes  to  red  region  of  spectrum.  Another  contribution  to  change  of 
boundary  condition  is  connected  \v5th  tunneling  of  excited  electrons  through  Schottky  election 
barrier  into  ZnSe  layer.  The  generation  of  coherent  phonon  oscillations  (LO-phonon  mode  250 
cm'*  and  TO-phonon  mode  200  cm'* )  in  ZnSe  was  detected. 


Nonlinear  optical  nanostn.  ctures  now  attract  growing  attention  not  only  because  they 
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thin  film  planar  resonator  structure  (nonlinear  Fabry-Perrot  resonator).  These  structures  are  the 
simplest  physical  system  to  consider  change  of  boundary  conditions  of  microcavity  during 
propagation  of  ultrashort  laser  pulses  through  planar  resonator  structure  and  to  elucidate  the  role 
of  nonlinear  processes  and  coherent  interaction.  The  system  is  also  perspective  for  study  of 
nonstationary  Casimir  effect,  i.e.  parametric  photons  and  other  excitations  generation  due  to  laser 
pulse  induced  abrupt  change  of  the  boundary  (see  [1]  and  references  therein). 

ZnSe  film  with  thickness  400  and  800  nm  on  the  metal  Cr-quartz  substrate  (as  planar 
resonator  structure)  was  used  to  study  dynamics  of  semiconductor  cavity  modes  in  femtosecond 
time  scale.  By  femtosecond  pump-supercontinuum  probe  spectroscopy  the  excitation  and 
relaxation  of  semiconductor  cavity  modes  of  ZnSe  film  were  investigated.  The  excitation  with 
photon  energy  ftcopump"  2.34  eV  at  room  temperature  was  conducted  by  optical  pulses  of  50  fs 
duration  and  with  pulses  fi-equency  repetition  ~  2  Hz.  The  photoinduced  response  (difference 
reflectivity  AR)  was  studied  in  wide  spectral  region  eV  by  supercontinuum 

probe  pulses  with  delays  from  -0.2  to  +3  ps  with  time  step  7  fs, 

ZnSe  film  on  the  metal  Cr-quartz  substrate  is  planar  resonator  structure.  The  typical  linear 
response  of  this  stru  uure  is  shown  in  Fig,  1.  (for  ZnSe  film  with  thickness  400  and  800  nm  on  the 
metal  Cr-quartz  substrate).  Note  that  ZnSe  film  is  transparent  in  the  fi-equency  region  of  pump 
fi©pump=  2,34  eV  and  only  the  two-photon  absorption  is  possible  (energy  gap  for  ZnSe  is  2.8 
eV). 

There  are  different  time  scales  of  processes  under  investigation.  One  of  them  is  connected 
with  thf  excitation  of  electrons  of  metal  (i.e.  boundary  of  the  microcavity).  During  the  time  of 
order  pulse  duration  powerful  pump  pulse  create  the  nortequilibrium  electron  distribution.  It  leads 
to  the  ultrafast  change  of  the  effective  boundary  conditions  on  ZnSe-metal  interface  for 
eigermodes  of  microcavity.  Another  contribution  to  changes  of  boundary  conditions  is  connected 
ndth  tunneling  of  nonequiibrium  excited  electrons  under  (and  partly  through)  Schottlq'  electron 
barrier  into  ZnSe  layer.  The  typical  value  of  this  barrier  is  ~  1  eV.  At  the  time  delays  of  the  order 
of  pul.se  duration  electrons  j  enetrates  in  ZnSe  layer  on  depth  of  hundreds  A.  By  electron-electron 
interaction  the  quasiequilibrium  state  is  established.  The  typical  time  of  establishment  of 
quasicquilibrium  electron  state  is  the  time  of  ordc;-  of  tenth  fs.  We  can  consider  that  electron 
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Fig2.a.  Temporal  evolution  of  difference  reflectivity 


of  ZnSe  ( 400  nm  )  film  on  Cr  -  quartz  substrate 
from  -SO  fsto  8,0  fs  with  time  delay  step  dt=40  fs. 
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Fig2.b.  Temporal  evolution  of  difference  reflectivity 
of  ZnSe  ( 400  nm  )  film  on  Cr  -  quartz  substrate 
from  0  ps  to  2  ps  with  time  delay  step  dt=0.40  ps. 
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temperature  is  10^  K  at  this  time  and  so  the  Schottky  barrier  becomes  inpenetrable  for  most  of 
quasiequilibrium  electrons  after  that  time,  Photoinduced  changes  of  dielectric  fiinction  transform 
the  boundary  condition.  It  leads  to  observable  shift  of  trequencies  of  cavity  modes  to  red  region 
of  spectrum  (see  Fig.  2,  Fig3). 

Another  contribution  (during  the  time  of  order  pulse  duration)  is  connected  with  two- 
photon  absorption.  It  is  interesting  to  note  that  it  is  possible  the  generation  of  second  harmonic  on 
metal  interface  and  cne-quanta  absorption  from  this  generation  may  be  essential  too. 

The  spectral  dependence  of  two-photon  absorption  is  directly  connected  with 
semiconductor  cavity  modes  (and  repeat  its  linear  response,  see  Fig.].).  The  contribution  from 
two -photon  adsorption  changes  the  real  part  of  dielectric  function.  This  change  of  dielectric 
function  of  ZnSe  film  leads  to  the  modification  of  difference  reflectivity  and  quality  agree  with 
experimental  signal  (see  Fig2,  Figi).  It  is  interesting  that  the  time  of  establishment  of  the 
microcavity  modes  t,  (of  the  order  path  time  of  the  microcavity)  may  be  largerthan  the  time  of 
observed  difference  spectra  evolution  in  the  time  region  considered  above.  This  fact  may  be 
important  for  the  observation  of  nonstationary  Casimir  effect  [I]. 

The  last  time  scale  is  connected  with  electron-phonon  interaction  and  heating  of  lattice  by 
electron  system.  The  changes  of  dielectric  function  due  to  these  process  (after  the  time  of  ord^  of 
1  ps)  lead  to  large  shift  of  cavity  modes  and  to  establishment  of  new  spectral  position  of  these 
modes, 

The  generation  of  coherent  phonon  oscillations  in  ZnSe  was  detected  (LO-phonon  mode 
at  250  cm  ’  and  TO-phonon  mode  at  200  cm'* ).  There  are  different  possibilities  for  mechanism  of 
this  generation.  One  of  them  is  connected  with  parametric  pumping  due  to  nonstationary  Casimir 
effect.  Another  ones  may  be  connected  with  laser  pulse  stimulated  Raman  scatteri'g  arl 
simultaneous  by  with  local  electric  field  near  ZnSe-metal  interface  due  to  tunneling  of  electrons 
through  Schottky  electron  barrier.  It  is  interesting  to  note  that  the  spectral  dependence  of 
amplitude  of  these  oscillation  is  directly  connected  with  linear  response. 

In  conclusion  note  that  femtosecond  laser  pulses  make  it  possible  to  manipulate  of  the 
boundary  conditions  for  microcavity  modes  and  to  modify  the  temporal,  spectral  and  spatial 
pri'pot  iios  of  tht'  e  staiclures.  This  is  promissing  for  possible  applications  of  the  method  used  for 
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all-optical  processing.  Particularly  femtosecond  spectroscopy  of  nanostaictures  permits  to 
investigate  the  processes  of  parametric  pumping  of  cavity  modes,  coherent  phonon  generation  etc. 

The  work  is  supported  by  Programm  “  Physics  of  Nanostructures”,  Russian  Foundation  of 
Basic  Research  and  INTAS. 
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During  the  last  years,  a  new  wave  of  attention  to  the  Johnson-Larsen  cffect[l]  has  been  stimu¬ 
lated  by  investigations  of  low-dimensional  structures  where  both  electronic  and  vibrational  excita¬ 
tions  show  size-quantized  features. 

Resonant  coupling  between  pure  electronic  and  mixed  electron-phonon  states  lifts  the  degen¬ 
eracy  at  all  crossing  points  of  the  dispersion  branches  for  bare  excitations.  As  a  result,  double 
and  triple  polaron  splittings  appear  in  the  vicinity  of  points  where  two  and  three  branches  cross 
at  iijeii  =  w2,o»  respectively.  Although  the  double  magnetopolaron  has  been  investigated  in  detail 
for  both  bulk  and  low-dimensional  structures,  the  crossing  point  of  three  energy  branches,  located 
higher  in  energy,  has  not  received  much  attention.[2] 

Schematically,  the  triple  magnetopolaron  (TMP)  wave  function  can  be  written  as 

=  4p^2V'o  +  aip^iV^i +4p^foV^2,  (1) 

where  'Pn  are  electron  wave  functions  with  the  Landau  number  n  =  0, 1 , 2,  v>/v  the  wave  function  of 
^e  phonon  subsystem  with  JV  -  0,  1  and  2  LO-phonons,  respectively.  The  TMP  wave  function  (-) 
is  characterized  by  an  index  p  -  a,  b,  and  c  that  corresponds  to  the  splitting  of  the  triply  degenerate 
state  into  three  energy  levels  and 

We  separate  the  electron-phonon  interaction  into  two  parts  as 

■  +  .  ,  -  ;  \  (2) 

and  assume  that  V''“‘  has  non-zero  matrix  elements  only  for  resonant  transitions  between  states 
which  become  degenerate,  i.e.,  between  the  states  (n,  A)  and  (n  -  l  ,N  +  1)  when^w,./,  =  nuu,. 
Close  to  the  resonance  fkjgjf  Tiwix)  there  are  no  other  states  but  polarons.  The  residual  interaction 
AV  is  a  small  pertui'bation  which  can  give  transitions  between  polaron  states  accompanied  by 
emission  of  one  LO-phoiion.  Note  that  the  separation  of  the  interaction  into  two  parts  is  i  elevant 
only  in  the  vicinity  of  the  resonance  ~  uju)  where  the  resonant  part  V'""  cannot  be  treate<i  as 
a  perturbation. 

The  qualitative  understanding  of  the  TMP  can  be  achieved  with  the  help  of  a  schematic  pictine 
for  the  case  of  exact  resonance  u>en  —  uj^o.  This  corresponds  to  the  crossing  point  of  tlirec  hare 
energy  branches  (n  =  2,  A' =  0),  (n  =  1,  A  =  l),  and(n  =  0,  A  =  2).  Let  us  approximate  the 
matrix  elements  for  the  resonant  part  of  the  electron-phonon  interaction  by  two  constants  A/m  and 
M21  which  are  proportional  to  the  square  root  of  the  coupling  constant  and  cohespond,  respectively, 
to  the  phonon-afvsisted  transitions  n  -  1  -v  n  ~  O  andn  -  2 -*n  =  1,  One  sees  that  the  following 
inatrix  equation  may  be  used  to  visualize  the  key  features  of  the  TMP: 
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where  we  put  Eo  =  Ei  =  E2  for  the  energy  of  the  triply  degenerate  unperturbed  state. _ 

The  three  eigenvalues  of  Eq.  (3)  arc  =  £<>  ±  A/2  and  E  ~  Eo,  with  A  =  2yJ\M2\^  +  |Miop . 
They  correspond  to  the  eigenvectors 

( .Mil  4.  ^  \  (Ml.  n  -.Mii\  <'4^ 

l,v^A’  v^’v^A/  ’  V  A  A  J  • 

Three  important  conclusions  can  be  drawn  from  this  qualitative  description.  First,  there  is  one 
unshifted  state  E  =  Eo  of  the  resonant  TMP  which  does  not  have  the  component  n  =  1 ,  Af  =  1 . 
Second,  the  TMP  wave  function  is  a  mixture  of  bare  states  weighted  with  coefficients  which  are 
independent  of  the  coupling  constant  of  electron-phonon  interaction  as  it  is  seen  from  Eq.  (4). 
Finally,  the  energy  splitting  A  is  proportional  to  the  square  root  of  the  electron-phonon  coupling 
constant.  Below  we  give  the  general  equations  for  the  TMP  wave  functions  and  energies  which 
confirm  qualitatively  this  simplistic  picture  when  ==  ‘^lo- 

To  obtain  the  equations  for  the  TMP  wave  function  and  eigenenergies,  we  take  the  interaction 
V  of  electrons  with  confined  phonons  to  have  the  general  form 

y  =  X)  z)K  +  c:(ru  z)K] ,  <5) 

=  (6) 

u  =  (qi,;)  labels  the  phonon  from  branch  j  with  the  in-plane  wave  vector  qj.,  is  the  in-plane 
co-ordinate  and  C^,  ~  a'/^,  where  a  is  the  Frohlich  coupling  constant. 

Applying  a  procedure  similar  to  that  of  Ref.  {3]  we  find  that  the  TMP  wave  function  can  be 
written  as  ^  . 

y,z,  Y)  =  C  [Qk^o  +  0*^1 1 0v)  > 

where 

y,z,Y)^  jf, z)i’phii  (i^),  (8) 

T)  =  (£  -  £b)X^$(i/)exp  -  </y/2)]  .  (9) 

i/  ' 

^k,2{r,y,z,Y)  =  ^|~~]^4»(«/i)exp,{ia]/[(?i4^:y-</iy/2)+<?2x(*v-gii,- W2)l} 

^  ^  lf\U2 

X  U\Q{l''2)^0ky-q\y-q2^{X,y,  z)lj>pUi^i^{Y)  ,  (10) 

^  {5/2yioj,H.  El  =  {3f2yiu},jj  +nu}Lo,  Bh.  ^  (l/2)ria;e//  +  and  C  is  the  noruialization 

constant.  The  function  4>(i/)  aiid  the  TMP  energy  E  have  to  be  found  from  two  coupled  equations 

<!>(//)  [(^.’  -  El)  (E  -  Ei)  -  Mo]  -  -  E  =  0  ,  (11) 

(E  -  Ei)iE  -  El)  -  A\q  -  ^ -  Y,  t'\  =  0  ,  (12) 

where  the  matrix  element 

-  C:M'{^)Luu'  {on>h-  ,  (1^) 
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(14) 


M(,.)=  rdzUz)^Uz), 

J—oo 


^nn'  (p)  —  ^^nn'  (Px )  Py  )  ■ 


max(n!,?i'!) 


1/2 


Jn-n'l 


exp 


X  exp  -  „/2)ln  -  u'))  iL7,;',.,,(pV2) , 


(15) 


p  is  a  two  dimensional  vector,  p  -  ^  =  arctan(py/p^),  and  !",(/)  is  the  Laguene 

polynomial.  Tlie  function  t^'),  related  to  diagrams  with  crossing  phonon  Iines,[4]  and  A,j  are 


^0  =  =  (/io(i^i)(/ro(t')exp  (m^fqi  x  q]J  .  (16) 

When  three  energy  branches  cross  at  a  certain  energy  the  interaction  leads  to  the  splitting  into  three 
energy  levels.  From  here  on,  the  corresponding  TMP  wave  functions  9,  their  energies  E,  and  the 
coefficients  $(i/)  and  C  are  labeled  with  the  index  p, 

Qose  to  the  resonance  \u}eH  —  wlo|  ~  A,  where  A  is  the  TMP  splitting  at  the  resonance 
point,  the  TMP  wave  functions  and  the  energies  Ep  can  be  found  by  iterations  with  respect 
to  R{i/,t/i)  under  the  assumption  that  the  contribution  of  terms  with  R  in  Eqs.  (11)  and  (12)  is 
relatively  small.  However,  there  is  no  small  parameter  in  the  iteration  procedure  and  the  smallness 
of  terms  with /?  is  only  numerical. 

We  proceed  to  consider  the  TMP  under  conditions  of  exact  resonance  WeH  —  wio-  In  this  case, 
Eo  -  £1]  =  £2.  We  thus  use  the  notation  Eo  for  all  three  energies  and  provide  4'p(t'),  Ep,  and  0*^ ,, 
with  a  superscript  res.  Under  condition  Ep  ^  Eo,  the  Eq.  (12)  for  the  TMP  energies  reduces  to 


Vi/] 

and  Eq.  (1 1)  for  the  function  ‘4>p“(;/)  becomes 

.  n  ■  . 

•From  Eq.  (17)  it  is  clear  that  there  are  only  two  solutions  E"*  =  Eo±  A/2,  which  coirespond  to 
levels  p  =  a  (plus)  and  p  =  c  (minus).  It  follows  from  Eq.  ( 1 8)  that 

=  (^;;‘»(t/)  =  r'*(y) .  (19) 

We  have  two  coupled  equations  for  A  and  4>’’"(?/) 

r'>)[(A/2)^->l?4-(/‘(,.)-X«('^.'9)r-^  (20) 

(a/2)2-<-/i^, (72, (*/)£{, /,Mor"(t/0=^  (21) 

Ul/] 


According  to  Eqs.  (7)-(10),  the  TMP  wave  functions  for  levels  p  =  o.  c  have  the  form  of 


97 


(22) 


where  the  function  0fc^o  has  been  defined  in  Eq.  (8)  and  the  function  depends  on  p  and  is 
given  by 

=  ±—  {ky  -  qyfl)]  ,  (23) 

X  I, 

where  plus  and  minus  correspond  to  p  =  a  and  p  —  c,  respectively.  The  function  0]t*2 
independent  of  p  and  can  be  written  as 

=  YL  )  exp  {iaji  [qi^{ky  -  q\yfl)  +  qix{ky  -  qiy  -  qiyl2)] } 

i/JM  ■  ^ 

Equations  (20)  and  (21)  can  be  solved  by  iterations  with  respect  to  R.  In  the  lowest  order  we  find 

,  A.  =  2/i^,  4..(.)  =  ■  (25) 

Since  ~  and  A  ~  U,  we  conclude  that  all  three  functions  0t^o.  ©fc'ip,  and  0^*5 
defined  above  are  of  the  same  order  of  magnitude  and  a®.  The  splitting  A  a  ^  coincides 
with  the  splitting  of  the  double  magnetopolaron.  The  same  dependences  on  the  couplmg  constant 
have  already  been  found  from  the  qualitative  picture  of-Eq.  (4).  Note  that  in  a  bulk  semiconductor 
A 

Since  Eqs.  (17)  and  (18)  only  allow  two  symmetric  solutions  with  finite  deviation  of  energy 
from  the  unperturbed  value  Eo,  it  is  clear  that  tlie  energy  of  tlie  third  level  coincides  with  this 
unperturbed  value  so  that 

LT^Eo,  (26) 

a  result  which  had  already  been  obtained  heuristically  from  Eq.  (3).  It  can  be  shown[4]  also  that 
the  wave  function  0**U^.  of  unshifted  state  does  not  have  component  n  i,  AT  =  1 

(see  also  Eq.  (4)). 

To  summari2e,  the  equations  for  eigenstates  and  eigenenergies  of  the  TMP  in  quantum  well 
structures  have  been  derived  in  a  general  form.  The  case  which  involves  exact  resonance  has 
been  analyzed  in  more  detail.  Our  theory  of  the  triple  polaron  is  relevant  for  the  case  when  the 
deviation  from  equidistant  energy  separation  of  the  three  lower  Landau  levels  is  smaller  than  the 
triple  polaron  splitting. 
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Effect  of  the  near-QW  band  bending  due  to  QW  charging  on  confinement  of  light 
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In  the  last  few  years  a  lot  of  work  was  devoted  to  the  study  of  the  band  structure  of 
strained  quantum  well  structures  (QWSs)  of  GaAs/InGaAs  which  are  promising  for  theii  opto¬ 
electronic  applications  [1].  One  of  the  features  of  the  size  quantization  spectrum  in  these  QWSs 
is  the  strong  splitting  of  the  light  hole  and  the  heavy  hole  subbands  due  to  the  large  GaAs/InAs 
lattice  mismatch. 

Usually  the  light  hole  subband  in  GaAs/InGaAs  QWs  is  considered  to  be  expelled  out  of 
the  QW  due  to  elastic  strain  so  that  only  heavj'  holes  are  confined  in  the  QW  [2],  However, 
lately  there  appeared  several  papers  where  light  hole  confinement  in  QWs  w^s  observed  experi¬ 
mentally  [3].  Results  of  theoretical  calculations  of  the  GaAs,1nGaAs  QWs  band  structure  are 
also  contradictor/  and  predict  the  presence  or  absence  of  the  light  hole  ground  state  level  in  the 
QW  depending  on  the  band  structure,  parameters  which  the  model  is  based  on.  The  critical  pa¬ 
rameter  is  the  relative  conduction  band  (CB)  discontinuity  Q  ivhich  also  determines  the  valence 
band  (VB)  confining  potential. 

The  purpose  of  the  present  study  is  the  theoretical  and  experimental  investigation  of  an¬ 
other  factor  which  can  cause  light  hole  confinement.  It  is  well  known  [4]  that  an  InGaAs  QW 
built  into  n-GaAs  asually  is  negatively  charged  which  causes  an  additional  barrier  for  holes 
which  possibly  may'  lead  to  confinement  of  the  light  holes. 

Our  theoretical  study  was  based  on  the  numerical  solution  of  the  one-dimensional 
Schrodinger  equation  in  the  effective  mass  approximation,  taking  into  account  the  additional 
near-QW  band  bending  due  to  charging  of  the  QW.  The  CB  and  VB  confining  potentials  were 
found  from  Poisson's  equation  treating  the  QW  as  a  charged  plane.  The  QW  band  structure  pa¬ 
rameters  involved  in  the  calculations,  such  as  tne  InOaAs  band  gap  and  band  discontinuities 
were  calculated  in  dependence  of  the  QW  width  and  the  InGa.As  alloy  composition  taking  into 
account  the  elastic  strain  [4], 

The  results  of  the  modelling  show  that  in  the  case  when  die  QW  is  situated  in  the  quasi¬ 
neutral  region  (QNR)  of  a  structure  the  light  hole  ground  state  is  always  a  confined  one  whatever 
the  relative  band  discontinuity  Q,  and  that  the  main  contribution  to  the  confining  potential  for 
the  light  holes  is  due  to  the  Coulomb  potential  of  the  QW  charge.  It  has  been  found  that  the  band 
bending  does  not  significantly  affect  the  transition  energies  but  it  increases  the  localization  of 
the  light  hole  wavefunction  sufficiently  apd  thus  ihe  overlap  integral  of  the  electron  and  light 
hole  wavefunction.  For  the  square  well  approxirratton  the  value  of  the  electron-light  bole  over¬ 
lap  integral  is  approximately  0.3,  while  the  band  bending  increases  it  up  to  0.9. 
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For  the  experiment  a  GaAs/InGaAs  QWS  with  a  single  QW  built  in  the  QNR  of  tlie  struc¬ 
ture  was  grown  by  MOVPE  on  an  (001)  conducting  n-GaAs  substrate.  Tlie  QW  width  was  4,1 
nm,  the  In  content  was  0.35. 

The  structures  were  characterized  by  photocurrent  (PC)  spectroscopy  and  C-V  measure¬ 
ments  of  Schottky  barrier  diodes  v/ith  semi-transparent  A1  Schottky  contacts,  500  micm  in  di¬ 
ameter,  All  measurements  were  performed  at  room  temperature. 

In  the  PC  spectra  two  peaks  are  observed  which  we  attribute  to  the  electron-heavy  hole  (e- 
hh)  and  to  the  electron-light  hole  (e-lh)  exciton  optical  transitions  in  the  QW.  Identification  of  e- 
l)i  transition  was  performed  by  measurement  of  the  polarization  dependence  of  the  photosensi¬ 
tivity  (PS)  in  the  e-hh  and  the  e-lh  absorption  bands,  exciting  the  Schottky  photodiode  by  line¬ 
arly  polarized  light.  The  structure  was  cleaved  so  that  the  cleaved  surface  crosses  the  A1  contact.' 
The  linearly  polarized  incident  light  was  directed  perpendicularly  to  die  cleaved  surface  so  that 
it  propagates  inside  the  structure  almost  parallel  to  the  QW  plane.  It  is  well  known  [5]  that  at  the 
absorption  edge  the  e-hh  iransition  is  allowed  when  the  electric  field  in  the  incident  linearly 
polarized  electromagnetic  wave  E  is  parallel  to  the  QW  plane,  but  this  transition  is  forbidden  if 
E  is  perpendicular  to  the  QW  plane. 

For  the  e-hh  transition,  100%  polarization  dependence  was  obseiv'ed  while  for  the  e-lh 
transition  it  is  week.  This  allows  to  identify  the  e-lh  and  e-hh  transitions  in  the  PC  spectrum. 

Studying  the  dependence  of  the  photosensitivity'  in  the  e-lih  and  the  e-lh  absorption  bands 
on  the  reverse  bias  V  it  was  found  that  when  tlie  QWTs  situated  in  die  QNR  bodi  the  e-hli  and 
the  e-lh  PSs  are  increasing  with  V  because  the  photoexcited  excess  carriers  escape  from  the  QW 
by  thermal  emission.  The  quantum  efficiency  of  the  light  absorbed  by  the  QW  is  limited  by  the 
emission  rate  of  the  minority  carriers  (holes). 

At  the  beginning  of  depletion  of  the  QW,  a  step-like  decreasing  of  the  e-lh  PS  occurs  as 
compared  to  the  e-lih  PS.  This  was  explained  by  the  following.  In  the  depletion  process,  the 
electric  field  in  the  QW  increases  stepwise  [4].  Because  of  the  heterointerface  confining  poten¬ 
tial  for  the  light  holes,  the  light  hole  state  becomes  non-stationary  because  of  leakage  of  the 
wavefunction  into  the  continuous  states  through  the  triangular  barrier.  The  latter  is  decreased  by 
the  field.  So  we  observe  transitions  from  the  continuous  states  of  the  light  hole  band  to  the  con¬ 
fined  electron  slates. 

After  depletion  of  the  QW  the  dependence  of  the  PS  on  V  saturates.  This  we  attribute  to  a 
change  in  the  carrier  escape  mechanism:  when  the  QW  is  in  the  electric  field  of  the  Schottky 
barrier  the  main  escape  mechanism  is  tunnelling  through  the  triangular  barrier.  In  this  case,  the 
PS  is  limited  by  the  tunnelling  rate  of  electrons. 

In  conclusion,  die  PC  s})ectra  of  the  Schottky  barrier  diodes  with  a  QW  built  in  the  quasi- 
nei-ral  region  of  the  structure  on  the  reverse  bias  show  together  with  the  theoretical  considera¬ 
tion  of  the  effect  of  the  QW  charging  on  the  QW  energetic  spectrum  and  wavefunctions  that 
confinement  of  light  holes  in  the  strained  InGaAs/GaAs  QWs  is  caused  mostly  by  the  additional 
ncar-QW  band  bending  due  to  QW  charging. 

When  the  QW  is  situated  in  the  depleted  region  of  the  Schottky  barrier  only  the  transitions 
from  the  continuous  states  of  the  light  hole  band  to  the  confined  electron  states  can  be  observed 
because  of  leakage  of  the  light  hole  wavefunction  into  the  continuous  states  through  the  trian¬ 
gular  barrier  which  is  decreased  by  the  electric  field. 
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PEKAR  POLARON  IN  QUANTUM  WELLS,  WIRES  AND  DOTS 


I.P.Ipatova,  A.Yu.Maslov,  Q.V.Proshina. 

A.F.lojJe.  Physical  Technical  Institute,  St.Petersburg  194021,  Russia 


Stron<^  interaction  of  an  electron  with  longitndinal  optical  phonons  in  ionic  crystals  results 
in  the  electron  self-trapping  by  the  polarization  field  of  the  lattice  vibrations,  that  is  m  Pekar 
polaron  [ij.  It  is  assumed  in  [1]  that  polaron  is  a  macroscopic  object  with  radius  uo  whicli 
is  larger  than  the  lattice  parameter.  „  .  j  j  * 

This  paper  deals  with  the  theory  of  Pekar  polarons  in  quantum  wells,  wires  and  dots. 
It  is  assumed  that  the  characteristic  size  of  each  nanostructure  L  is  smaller  than  polaron 
radius  Oo 

L  <  oq.  (^) 

Equation  (1)  means  that  the  separation  between  levels  of  size  quantization  is  larger  than  the 
polaron  binding  energy 

AE>~.  (2) 

mag 

Therefore  the  motion  of  an  electron  in  the  nanostructure  potential  is  fast  and  the  polaron 
motion  is  slow.  Unequality  (2)  allows  to  apply  the  adiabatic  approximation  lu  solution  of 
polaron  problem  in  nanostructures. 

a.  Quatitum  well. 

Schrddinger  equation  for  an  electron  in  a  quantum  well  with  the  strong  electron-phonon 
interaction  has  a  form 

A  ^(r)  +  V{z)^{r)  +  j  <^r{s7<t>{r)Y^  't(ri=  E'T'(r).  (3) 

Here  V[z)  is  the  one- dimensional  quantum  well  potential,  <j>{r)  in  the  third  term  is  the 
potential  of  the  polarization  field  induced  by  longitudinal  optical  phonons.  The  la,st  term 
on  the  left-hand  side  of  Eq.{3)  is  the  energy  of  the  electric  field  F  =  -  V  Here  m  is 
the  effective  mass  of  carrier  and  e  is  the  dielectric  permittivity  which  takes  into  account  the 
inertial  part  of  the  polarization,  1/e  =  l/£,>c  -  l/^o,  being  high  frequency  and  static 

pormiltivities,  respectively. 

In  solving  the  Eq.  (3),  it  is  considered  that  both  the  energy  EniVx^Vy)  ^’id  the  wave 
function  of  the  electron  on  the  nth  level  of  size-quanti  :ation  in  the  infinite  quantum 

well  ate  know  u  from  quantum  mechanics 

=  Rxp[i/^.(p,;.T  -h  Pt,?/)]V-’a(^)- 
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One  can  find  the  polaron  solution  of  Eq.  (3)  representing  the  wave  function  vJ(r)  as  an 
expansion  on  the  w'ave  functions  (4) 

^(r)-  ari{Pr,Pv)exp[z/^(p:,x +  Pyv)]?A„(5r)  (5) 

PtiPui” 

with  unknown  coefficients  c„(pi,p,,).  The  substitution  of  wave  function  (5)  m  Eq.  (3)  results 
in  equation  for  a„ 

[EniPv.Py)  -  S:\a„{p.^,Py)+ 

-bo  ar,>{p'^,Py)  j  dxdy,p,,r,ix,i/)exp\i/n{{p:,-p'^)x  +  {py~p'^)y]]^  0  (8) 

where 

'^nn'(®,v)  (7) 

Unequality  (2)  allows  to  neglect  in  Eq.  (6)  by  nondiagoual  matrix  elements  between  the 
levels  of  size  quantization.  We  find  finally  tlie  independent  equations  for  the  electron  motion 
on  each  level  of  the  size-quantization 

-- iE]an(Pr,Py)  + 


f  £  Y  <^n{Px^p'y)  J  dxdy(!>„„{x,y)exp^l/%[{p^  -  p'^)x  d-  {py  -  p^)y)j  0. 


<i>nn{s‘;y)  -  J  dz  j  V'n(x)  <'>(r). 


(8) 

(9) 


It  is  convfintional  to  make  the  Fourier  transformation  into  coordinate  representation  and 
to  find  from  Eq.  (8) 


2m  \dx^  .  dy'^ 


xJxyy)  “  e^nn(.i7,w)x„(.T,7/)  - 


-  ;  -  =(s-®..(0)-~/<fr(v^(r)f)xn(x,!f)  ()0) 

where  the  notation  is  introduced 

=  XI.  an{px,Py)exp[i//i.(7;j.i:  +  Pj,?/)].  .  (11) 

PT,Vti 

The  wave  function  Xn(^,p)  is  the  slow  wave  function  of  two-dinvnisionai  ])olivron  motion  on 
the  nth  level  of  size-quantization. 
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Calculating  the  average  energy  and  making  the  variat,ional  procedure  with  respect  to  the 
polarization  potential  <^(r),  one  can  find  the  effective  polarization  potential  <t>n^{x,y)  which 
corresponds  to  the  lowest  energy  <  E  >  iox  !.h  level  of  quantization 

The  electron  density  here  is 

Schrodinger  equation  (10)  takes  the  form 

^  +  ^)xn(^,y)-e<^nJa:,y)x„{x,y)  =  {£^-K(0))Xn(:c,yX  (13) 

2m\dx^  .  dy^J 

This  equation  differs  of  standard  equation  for  the  ground  state  of  two-dimensional  po- 
laron  in  that  it  holds  for  an  arbitrary  nth  level  of  quantization. 

Variational  procedure  with  the  electron  wave  function  given  in  [2]  leads  to  the  polaron 

energy 

En  ~  En{0)  —  a^^^t}o{Co  ~  CiAnn—)  (1^) 

where  dimensionless  coefficients  Ann  are  equal  to  • 

Here  the  dimensionless  constant  of  Frohlich  interaction  is 


where  ujq  is  the  optical  phonon  frequency,  and  ao  =  h,  e/me  rs  the  polaron  radius.  The 
coefficiL  .t  a  =  0,4047  was  found  earlier  in  [2],  and  the  coefficient  Cx  is  obta  led  here  and 
equals  Cl  =  0,0682.  In  the  case  of  infinite  rectangular  quantum  well  and  n  ~  Tcoefficient 
Ann  is  Ann  =  0,207.  Equation  (14)  shows  that  polarization  of  the  medium  is  different  for 
various  levels  of  size  quantization,  and  this  difference  is  determined  by  the  coefficients  Ann 
from  Eq.(15).  .  . 

b.  Quantum  wire. 

Similar  approach  results  in  the  case  of  quantum  wire  in  the  energy  of  nth  levtJ  of  quan¬ 
tization  ,  -  - 

where  L  h  cross  section  characteristic  size  and  the  numerical  coefficients  J?„„  are  of  the 
order  of  unit-  and  are  determined  by  the  cross-sectional  shape  of  the  wire;  InBnn  - 

angular  wire  and  n  =  1,  Bn  ~  1,334. 
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The  comparison  of  Eq.(17)  and  Eq.{14)  shows  that  the  polaron  effect  in  the  Cclsc  of 
quantum  wire  is  more  prominent  because  of  large  factoi  ao/L  >  1. 

c.  Quantum  dot. 

The  quantum  dot  optimum  polaron  energy  is  obtained  by  the  similar  variational  proce¬ 
dure 

=  (IS) 

Here  L  is  the  diameter  of  the  spherical  dot  with  infinite  walls  and  the  dimensionless  coeffi¬ 
cients  Dun  describes  the  polarization  of  the  medium.  It  is  determined  by  the  actual  form  of 
the  wave  function  of  the  electron  in  he  dot,  for  instance,  for  n  =  1  Du  ~  1, 786. 

The  second  term  in  Eq.  (18)  depends  on  the  ratio  of  the  size  quantization  energy  to  the 
phonon  energy.  There  are  semiconductor  mate’^ials  where  this  factor  is  large  then  the  unity, 
for  example  CdSe. 

The  most  essential  result  is  that  the  polaron  energies  are  different  for  various  levels  of  size 
quantization  in  all  nanostructures  under  c  msideration.  It  means,  that  the  o]  ical  transitions 
between  the  levels  of  quantization  should  manifest  some  effects  similar  to  ones  which  are  well 
known  in  physics  of  deep  impurity  centers  om  semiconductors.  For  example,  there  exist  large 
Stokes  shift  between  the  frequencies  of  absorption  and  emissiisn.  Moreover,  phonon  replicas 
should-be  observed  in  optical  transitions  between  size-quantization  levels.  These  phonon 
replicas  may  have  the  same  intensity  as  one  for  the  direct  electronic  transition.  It  is  quite 
possible  that  the  multi-phonon  transitions  of  this'  nature  has  been  recently  observed  in 
experiment  on  time  dependent  luminescence  from  CdSe  quantum  dots  in  glassy  matrix  [3]. 
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DANLE  EFFECT  AND  SPIN  QUANTUM  BEATS  TECHNIQUES 
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A  method  of  measuring  the  sign  of  die  conduction  electron  g-factor  in 
semiconductor  ({uantum  wells  is  proposed,  which  is  based  on  deteiminatica  of 
the  sense  of  electron-spin  Larmor  precession  by  the  Hanle  effect  or  spin 
quantum  beats  techniques  under  oblique  incidence  of  pump  light  on  die 
sample,  witli  the  luminescence  detected  at  an  angle  to  the  pump  beam.  Tiliis 
method  has  been  used  to  measute  the  sign  of  the  tra  verse  electronic  g-factor 
cotnpor  It  in  GaAsAMooGaojAs  quantum  wells  of  various  widtlis.  It  has  been 
show'n  experimentally  that  the  average  spin  of  electrons  photocreated  in 
quantiun  wells  may  not  coincide  with  the  pump  light  direction. 

5 .  One  of  the  important  seniiconducior  parameters  is  the  g-factor  of  conduction 
electrons.  For  its  determination,  the  Hanle  effect  [Ij  and  spin  quantum  beats  [2]  are 
widely  used.  In  dstenriining  the  sign  of  the  g-factor  by  means  of  quantum  beats,  as 
well  as  in  the  first  experiment  on  detemrination  of  the  g-sign  by  Hanle  effect,  tire 
polarization  of  the  luminescence  emerging  from  cleaved  face  of  a  ciystal  in  the 
direciion  perpendicular  to  die  exiting  beam,  has  been  measured.  By  comparing  the 
signs  of  polarization  of  the  luminescence  and  of  the  pump  light  one  can  deierrrmie 
the  direction  of  electron-spin '  Larmor  precession  and,  hence,  the  g-factor  sign. 
However,  this  geometry'  cannot  be  employed  in  studies  of  GaAs/AlGaAs-typc 
quantum  wells,  since  luminescence  m  such  structmes  is  dominated  by  recembi- 
naiion  of  electrons  with  heavy  holes  and,  by  the  selection  rules  [1],  cannot  be 
ccciilariy  polarized  when  viewed  in  the  quantum  well  plane.  These  difficulties  can 
be  readily  sidestepped,  if  one  observes  the  iurainekence  in  reflection  at  an  angle  to 
the  pump  beam,  with  the  magrif  tic  field  oriented  perpendicular  to  the  excitation  and 
detection  duections,  as  shoAvn  m  Fig.  1.  Tins  geometiy  was  proposed  [3]  for 
deten.hnation  of  the  g-factor  sign  in  bulk  Ga^^.s-lype  crystals  using  the  Hanle  effect. 

The  preseni  report  gives  the  results  of  the  experiments  [4]  in  which  this 
geometry  has  hee.n  applied  to  determine  the  sign  of  the  electronic  g-factor  in 
(juaiilized  films  hy  use  both  the  Hanle  effect  and  quanbim  beats. 

2.  To  elucidate  tlie  essence  of  tlie  proposed  method,  consider  first  the  situation 
in  a  bulk  semiconductor. 

Hanie  effect 

in  order  to  determine  the  sign  of  the  g-factor  in  a  bulk  unsffained  semiconductor 


106 


subjected  to  cw  excitation  and  studied  in  the 
geometry  of  Fig.l,  one  has  only  to  obtain  the 
dependence  of  the  absolute:  value  of  the  circular 
polarization  degree  p  on  magnetic  field  B.  Tliis 
dependence  can  be  written  [3] 

p(B)  cosa  +  (pssina 
- 

Po  1  +  fpS 


here  a  is  the  ^gle  between  the  directions  of 
Fig.l.  excitation  and  detection,  Po  is  the  degree  of 

polarization  for  B=0  and  a“0,  and  (Ps=QTs= 
gPBBTs  /ft  is  tlie  angle  through-  which  the  average  spin  S  of  electrons  turns  during 
'die  electron  spin-orientation  time  Ts=xts/(x+ts).  Here  x  and  rs  are  the  electron 
Irfetiihe  and  spin  relaxation  time  in  the  conduction  band,  Eq.(l)  takes  into  account 
that  in  a  bulk  GaAs-type  crystal  p  is  equal  to  the  projection  of  S  on  the 
observation  direction.  For  a^^O,  the  p(B)  plot  is  not  symmetrical  with  respect  to  the 
B=0  point.  The  value  of  p  is  larger  for  the  magnetic  field  direction  at  which  the 
electron  spin  precesses  toward  the  luminescence  observation  axis. 

Electron-smn  aucuitum  beats 

Electron-spin  quantum  beats  set  in  under  coherent  excitation  of  the  two 
electron  spin  levels  by  a  short  pulse  of  circularly  polarized  light  and  may  be 
considered  as  a  result  of  Larmor  precession  of  electron  spins  about  the  magnetic 
field  B  witii  a  frequency  [2j.  Here,  as  can  be  easily  shown,  the 

variation  of  p  witli  time  is  eqoal  [4]: 

P(t)/po  =  (2) 

where  =  p(t=a  =  o),  As  seen  from  Eq.(2),  the  observation  of  luminescence  at  an 
angle  cc  to  the  pump  beam  results  in  a  phase  shift  of  the  p  o.scillations.  If  the 
magnetic  field  direction  is  known,  the  sign  of  the  phase  shift  can  be  used  to 
determine  that  of  the  g-factor.  Tlie  phase  shift  is  negative  for  the  magnetic  field 
orientation  at  which,  upon  tlie  pump  pulse,  the  S  begins  precession  toward  the 
luminescence  observation  axis. 

3,  The  above  metliods  can  be  employed  to  detennine  the  sign  of  the  electronic 
g-factor  component  gi  in  the  QW  plane.  In  this  case,  however,  an  additional 
analysis  will  be  required. 

First,  the  electron  orientation  in  a  film  may  not  coincide  with  the  direction  of 
the  exciting  beam  because  of  the  heavy-  and  light-hole  subbands  being  splitted.  In 
particular,  as  shown  theoretically  [5],  under  excitation  of  electrons  from  states  close 
to  the  top  of  the  heavy-hoie  subband  {hh'-K  transition)  tlieir  average  spin  at  the 
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p(B)/p(0) 


p(B)/p(0) 


moment  of  generation  is 
directed  along  the  struc¬ 
ture  growth  axis  for  any 
light  incidence  anele. 
Second,  the  polarization 
of  recombination  radia¬ 
tion  with  participation  of 
heavy  holes  (c-:>  hh  tran¬ 
sition),  wliich  predomi¬ 
nates  in  tlie  luminescen¬ 
ce  spectrum  of  GaAs/ 
AlGaAs  wells  at  low 
temperatures,  is  deter¬ 
mined  by  spin  projection 

S  onto  the  growth  axis  rather  than  onto  the  luminescence  observation  direction,  as  it 
was  the  case  in  bulk  crystals.  By  thif  reason  the  angle  a  substituted  into  (1)  and 
(2)  is  zero  for  the  hh-K,  c-^  hh  transition,  and  the  Hanle  curve  must  be 
symmetrical,  while  the  oscillations  p(t)  measured  for  different  signs  of  the  magnetic 
field  rmiB^  coincide.  If  a  pump  photon  energy  is  large  enough  for  simultaneous 
excitation  of  electrons  from  both  the  heavy-  and  light-hole  subbands,  the  deviation 
of  S  from  tlie  pump  direction  may  be  neglected.  In  this  case  the  Hanle  curve 
asymmetry  and  the  quantum-beat  phase  shift  are  retained  and  can  be  used  to 


determine  the  sign  of  gi.  • 

The  p(B)  Hanle  curves  were  measured  in  GaAs/Alo.sGao.yAs  QW  of  thickness 
100,  45,  and  lOA  at  T=2  K.  The  angle  between  the  directions  of  the  pump  light  and 
luminescence  observation  outside  the  crystal  was  ~85".  The  sample  was  positioned 
so  tliat  the  normal  to  its  surface  coincided  with  tlie  bisectrix  of  this  angle,  and  tlie 
magnetic  field  was  oriented  along  the  crystal  surface.  The  asymmetry  of  the  Hanle 
curves  obtained  at  a  pump  photon  energy  in  excess  of  the  light-exciton  energy 
yielded  gi<^0  for  Lz=100  A  (Fig.2a)  and  g.i>0  for  Lz=4.5  and  10  A.  The  virtually 
complete  absence  of  asym'nietiy  in  the  p(B)  curves  measuied  at  excitations  close  to 
resonance  with  the  heavy  exciton  (Fig.2lb)  attests  that  the  average  spin  of 
photoexcited  electrons  at  the  moment  of  e>4citation  in  QWs  may  not  coincide  in 
direction  with  the  pump  light. 

Quantum  beats  p(t)  wen?  measured  in  GaAs/Alo.sGao.TAs  MQW  of  thickness 
120  and  30A  at  T=1.7k.  Pump  pulses  were  produced  by  a  tunable  Ti-sapphire  laser 


v^^ith  a  repetition  frequency  of  82  MFIz.  Their  duration,  equal  to  1.2  ps,  defined  the 
time  resolut  '  on  of  the  measuring  equipment  using  parametric  up-conversion. 

The  p(t)  oscillations  on  a  120-A  tliick  QW  at  hv>XL  (!iv~XL=5S  meV) 
measured  for  B<0  lag  behind  those  obtained  for  B>0  (Fig  3a),  which  corresponds  to 
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.p(t)/p(0) 


1 


a 


gi<0.  The  absence  of  any 
phase  shift  between  the 
oscillations  in  Fig.  3b 
measured  for  XH<  hv  <XL 
implies  that  the  average  spin 
of  the  electrons  excited  from 
the  hea\'y-hole  subband  is 
aligned  with  the  QVV  growth 
axis. 

The  p(t,-B)  beats  lead  the 


p(t,B)  oscillations  on  a  30-A 
thick  QW  at  ;iv>XL.  This 
corresponds  to  gi>0. 

Thus  we  have  considered 
a  method  to  determine  the  sign 
of  the  in-plane  component  of 
the  conduction-electron  g- 
factor  in  a  QW  from  the  shape 
of  Ihe  Hanle  curves  or  from 
Time  (ps)  the  phase  shift  of  the  electron 

spin  quantum  beats.  This 
method  was  applied  to  GaAs/ 
Alo.3Gao.7As  QW  to  find  that 
gx<0  in  120-  and  100-A  thick  wells,  and  gi>0  in  wells  of  thickness  45,  30,  and  10 
A.  It  v^s  shown  that  the  average  spin  of  optically  oriented  electrons  in  size- 
quantized  films  at  tlie  moment  of  excitation  may  not  coincide  in  direction  with  the 
pump  light. 

This  work  was  partially  r  ^pported  by  the  Russian  Fundamental  Research 
Foundation  (Grant  96-02-16941)  and  NATO  (Grant  HTECH  CR6  950377). 
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The  short-period  (GaAs)„(AlAs)„  superlattices  (Sfs)  with  different  numbers  ^ 

of  parent  materials  (GaAs  and  AJAs)  distinguidi  firom  eadi  other  by  the  arr^gement  of  atoms 
over  the  symmetry  positions  (V/yckoff  positions).  Therefore,  from  the  ciyst^ographic  point  of 
view  tJiey  are  distract  crystaLs.  For  each  direction  of  growth,  the  SL's  constitute  sweml  singe 
crystal  femiUes  speeded  by  different  space  groups  G/  (the  same  wthin  each  family).  Thiis,  the 
SL's  can  be  considered  as  a  new  class  of  artificially  gro^  crystals  yvhose  structure  depends  on 

the  growth  direction  and  nuinbers  of  monolayers  of  constituent  materials.  ^  .  * 

In  previous  papers  [1]  we  performed  a  complete  group-theoiy  analysis  of  etoon  ^ate 
symmetries  in  perfect  (GaAs),n(AiAs)n  SL's  grown  along  the  [001],  [110],  “g  H  directions. 
We  predicted  some  variations  in  the  optical  ^ectra  upon  varying  the  SL  pmod.  In  this  paper,  we 
extend  this  analysis  on  SL's  with  defect  and  impurity  states.  ^  ^  . 

The  variety  of  different  Wyckoff  positions  in  the  pnmitrve  cell  of  the  perfect  SLs  is 
noticeably  larger  than  in  the  bulk  parent  materials.  Correspondingly,  much  more  is  ^e  of 

positions  that  can  be  occupied  by  substitutional  impurities  or  defects.  Fof  eimi^le,  die  metal  (Ga 
or  Al)  and  non-metal  atoms  can  occupy  various  Wyckoff  positions  in  the  pi^tive  ceU  d^ending 
both  on  the  growth  direction  aud  nundiers  of  monolayers.  When  a  sample  k  doped,  ®esa^ 
doping  atom,  which  substitutes,  e.g.,  a  Ga  atom  at  ates  with  different  syimnetnes,  riiows  difier^t 

behavi^. ^  ^  ^  distiibution  oMe  impurities  and  defects  ovw  the 

Wyckoff  positions  will  manifest  in  the  polarized  optical  spectra  and  vice  ver.sq  how  one  can  obtain 
an  infonnation  from  the  spectra,  e.g.,  about  the  rites  of  dopants  in  the  lattice. 


1.  Crystal  defect  symmetries 

Analyzing  the  electron  states  o^point  defects,  we  assume  tliat  the  site-symmetry  group  is  not 
modified  when  a  SL  atom  in  the  porition  q  is  replaced  by  a  substitutional  impi^  or  by  a  single 

vacancy.  In  case  of  so-called  "molecular”  point  defects  paired  impunties,  double  vacancies,  em.) 
the  crystal  defect  (CD)  occupies  two  atomic  or  interstitial  poritions.  In  this  case,  the  sj^etry  ot 
such  a  CD  is  determined  by  the  common  elements  of  two  groups:  the  point  group  of  the  isolated 
"molecule"  whose  axis  coincides  with  the  line  connecting  the  two  involved  SL  sites  and  the  site- 

syrametT}' group  of  r^Toint  on  this  line. 
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Basing  on  the  analysis  of  perfect  SL  structures  [1]  we  determined  possible  locations  of  ihe 
simplest  CD  (single  ones  and  complexes  occupying  the  nearest  atom  sites)  in  the  SL's  grown 
along  different  directions.  The  results  are  presented  in  Table  1.  We  see  that,  being  Td  in  the  bulk 
parent  materials,  the  site  symmetry  group  Gq  for  point  defects  is  lowered  in  the  SL’s  down  to  Djd, 
Cav,  Csv,  and  C,  depending  on  the  occupied  Wyckofif  position,  growth  direction,  and  numbers  of 
monolayers.  For  "molecular"  point  defects  the  symmetiy  is  lowered  from  Csv  down  to  C,  or  even 
Ci. 

Table  1.  Possible  occupation  numbers  (per  primitive  cell)  for  substitutional  CD  states  in  the  (GaAs)a,(Al.V'', 

Growth  direction  and  space  group 
[001]  (110]  [111] 

Atoms  Dm'  D^d’  Cm*  Cm’  Cm“  C.,v*,C3v' 

substi-  Site  m=2k+l  m=2k  m=2k+l  m=2k  m=2k+l  in=2k 

tuted  symmetry  n=2s+l  n=2s  n=2s  n==2sfl  n=2s  n=2sfl 

Ga  Did  1-1  -  .  . 

Cm  m-1  m  m-1  m  1  -  1 

Csv  -  m 

Cs  -  -  -  -  m-1  m  m-1  m 

A1  Dzd  1  -  -  1  .  .  . 

•  Cm  n-1  n  n  n-l  1  -  -  1 

Gbv  .......  .  u 

C»  ...  -  n-1  •  n  n  n-1 


As  Dm  -  2  1  1  -  .  . 

Cm  m+n  m+n-2  m+n-1  m+n-I  2-1  1 

Cjv  .......  .  QJ+Q 

C,  ....  m+n-2  m+n  m+n-1  m+n  t 

Ga+As  Cjv  ..  .  ..  ...  m(n) 

(Al+As)  Cs  4m(n)  4m(..)  4m(n)  4m(n)  2m(n)  2m(n)  2m(u)  2m(M)  3n^n) 

Cl  ....  2m(n)  2m(ii)  2m(n)  2m(n) 

From  Table  1,  we  see  that  the  Ga  and  A1  atoms  occupy  Did  sites  and  As  occupy  Cm  sites  in 
the  (GaAs)i(AlAs)i[001]-grown  SL  whereas  in  tlie  (GaAs)2(AlAs)2[0()i]  SL,  the  metal  (Ga,Al) 
atoms  occupy  Cm  sites  and  As  atoms  are  distributed  among  the  Did  and  Civ  sites.  If  a  CD 
substitutes,  e.g.,  metal  atoms,  the  eptical  transitions  involving  this,  impurity  are  to  be  different  for 
these  two  SL's.  Moreover,  tlie  behaviour  of  impurities  substituting  As  atoms  at  different  sites  in 
the  (2x2)  SL  will  be'also  different.  It  gives  a  possibility  to  determine  tuc  sites  of  dopants  hi  the 
lattice  when  analyzing  the  optical  spectra. 

Till  now,  the  defect  symmetries  in  quantum  ‘jliructures  have  been  not  adequately  considered. 
Most  of  calculations  of  CD-state  energies  in  quantum  structures  addressed  the  single-quantum- 
well  problem  merefy,  keeping  the  symmetry  language  of  parent  tetrahedral  materials.  Tliis  may 
have  lead  to  misinterpretation  of  experimental  data. 
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For  example,  the  authors  of  [2]  observed  in  the  (GaAs)5(AlAs)st00l]-grovwi  SL  a 
centered  point-defect  state  with  the  ut  symmetry  instead  of  the  one  they  were  expectrag.  Basing 
on  the  "nearly  tetrahedral"  site-symmetry  of  the  defect,  they  concluded  on  its  interstitial  nature 
(Gdi  rather  tlr  n  Ga/^).  Howe\'er  as  one  can  see  from  Table  1,  in  [OOlJ-^own  SL's.  there  are  two 
As  sites  (of  Djd  and  Czv  symmetry  type).  The  former  is  absent  in  SL's  with  odd  values  of  m  and  n. 
Tl)e  t;  state  splits  into  Oi+bi+bi  or  into  b^+e  in  the  case  of  the  Cjv  or  Djd  fflte-sjmmctiy 
respectively.  Ihus,  the  observed  CD  may  be  not  an  interstitial  defect  but  an  Cjy  antishe  one. 

2.  Optical  selection  rules 

Let  U-ie  symmetry  of  a  CD  localized  state  be  described  by  the  iireducible  representation  (irrep)  da 
of  the  CD  site  symmetry  group  Gq  and  the  symmetry  of  an  electron  state  in  the  conduction  or 
valence  band  of  the  SL  by  the  irrep  Df,  of  the  SL  space  group  G.  To  determine  the  allowed  direct 
transitions  between  the  initial  da  and  final  D/  states  we  subduce  [3]  the  irrep  D/  on  the  she 
symmetiy  group  Gq  : 

lGq='Z  AA- 

The  dipole  tran.sition  between  the  initial  <4  md  final  states  is  allowed  if 

(D/  iCq)*xda^^  ndy^  O, 

where  dv  is  the  vector  representation  of  the  site  symmetry  group  Gq. 

When  the  spin-orbit  interaction  is  taken  into  account,  the  products  of  double-valued  irreps 
should  be  considered.  Like  in  [1],  one  can  obtain  a  relation  between  the  selection  rules  whm  the 
spin-orbit  interaction  is  taken  into  account  and  tho^  wlien  it  is  not.  As  a  result,  Mme  forbidden 
transitions  will  become  allowed  whereas  some  allowed  transition  will  become  forbidden  when  the 
spin-orbit  interaction  is  taken  into  account. 

Table  2  'Hie  selection  rules  for  CD(DM>statfr-M>-baiid-state  direct  transitions  in  [001]-^own  SL's. 

The  labels  of  irreps  in  brackets  refer  to  the  case  where  spin-orbit  interaction  is  not  taken  into  account. 
Polarization?  in  brackets  (parentheses)  refer  to  transitions  allowed  only  without  (with)  including  spih-oibit 
inter*.-tion;  the  ones  in  capitals  refer  to  the  transitions  allowed  in  both  cases;  small  irrep  labeling  follo\vs  [41. 


CD 

site 

localized 

State 

cooducrion/valence  band  state 

r,[r,] 

r7[r=] 

re\r5] 

r^rrsi 

ei[ai(s;d;,3)] 

(jLy) 

(x,y)z 

X,Y 

X,Y(z) 

e2[bl(dx'  -  yS)] 

(x,y.z) 

(x»y) 

X,Y(z) 

X,Y 

D2i 

e^[b2{pz;dxy)j 

(x,y)Z 

i^y) 

X,Y(z) 

X,Y 

Ol[s(Px,Pvjdyx»dxz)] 

X,Y 

X,Y(z) 

(x,y)tz] 

(x,y)z 

X,Y(z) 

X,Y 

(x,y)Z 

(x,y)tz] 

As  an  exarttple,  isi  Table  2,  we  present  an  extract  (for  CD  vnth  DijsytnmetTy  tor  the  [001]-grown 
SL's)  from  the  complet  e  list  of  selection  rules  for  transitions  between  localized  and  SL  F  states 
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Q 1  Ij-grov/n  GitAVAIAs  J]?01j-grown  OlQO-grown 

supertaKices  supenattices  soperiattices 

Rhombohedral  Cuoic  Tetragonal  Cirthorhombic 

Csv  "u  Dtu  Ct, 

Symmetry  Symmetry  Symmetry  Synrmetry 

SUM  Site  Sitej  Sites 

‘'jv  '^a  02i  C2y  Cl,  C, 


Dnj-grown  GaAs/AIAs  Li301]-grown  DlO]-grown 

superlattices  superlattices  superlattices 

Rhombohedral  Cubic  Tetragonal  Orthorhombic 

C>  To  Dzo  Czv 

Symmetry  Symmetry  Symmetry  Symmetry 

SUM  Site  Sites  Sites 

Otd  Cl,  Civ  C, 


a"^p>)  bi(p.)  bi(pO  a‘'(pO 

a'^P-)/  ■,  /  -biCp,)  br(p,)  a'rp>). 

a'(rh)  ai(pO  /  \bt(p.)  ai(p.)  ai(p.)  aTp.) 


a'(s)  ai(s)  ai(s)  ads)  ai(s)  ai(s)  aVs) 

r2{ft) 

RlPxy)  rs(P«y)  ^  ^ 


(a) 


Symmetiy  correspondence  between  the  CD  states  in  bulk  GaAs(AlAs)  and  localized  at  different  sites 
in  the(GaAs)o(AlAs)a  SL's  grown  along  different  directions 
(a)  -  neglecting  spin-oibit  interaction,  (b)  -  with  spin-orbit  interaction 


displaying  the  modification  of  selection  rules  on  including  spin- orbit  interaction.  We  consider  not 
only  s  and  /?  states  of  CD  but  also  d  ones  since  the  latter  orbitals  correspond  to  the  upper 
occupied  states  in,  e.g.,  transition  metals. 

When  loweiing  the  site  symmetry-  firom  Td  in  GaAs,  the  CD  states  in  SL  are  modified  as 
illustrated  by  the  Figure.  The  use  of  the  I  ig’  re  together  with  selection  rules  (Table  2)  can 
noticeably  simplify  an  analysis  of  experimental  spectra.  Basing  on  the  polarization  peculiarities  of 
the  ^ectra  and  comparing  the  line  intensities,  one  can  not  only  assign  the  lines  to  certain  CD- 
level-tOrSL-band  transitions  but  also  determine  the  sites  of  dopants  in  a  lattice. 

Summarizing,  we  have  shown  how  the  distribution  of  the  impurities  and  CD  over  the 
WyckofF  positions  will  manifest  in  the  polarized  optical  spectra,  The  selection  rules  have  been 
established  for  polarized-light  exijeriments  related  to  single  substitutional  impurities,  vacauces, 
and  two-component  con^lexes,  the  spin-orbit  interaction  being  taken  into  account. 

The  authors  acknowledge  the  HTEC.CRG  960664  NATO  grant. 
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Intel  band  mixing  between  2D  electron  and  3D  heavy  hole  states  in 
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Inlerband  mixing  effects  attract  much  interest  because  they  can  play  a  decisive  part  in 
f  'rming  tlie  energy  spectrum  of  low-dirnensional  systems.  Such  is  in  the  case  for  InAs-GaSb 
sernimetallic  superlattices,  whose  physical  properties  are  determined  by  the  mixing  between 
valence  band  states  of  Ga.Sb  and  conduction  band  states  of  InAs  at  the  interfaces.  Analogous 
situation  takes  place  in  a  metal-insulator-semiconductor  structure  based  on  a  narrow  gap 
semiconductor.  A  small  value  of  the  energy  gap  in  the  semiconductor  leads  to  the  fact  that 
at  energies  below  the  top  of  the  valence  band  the  two-dimensional  (2D)  states  localized  in 
a  surface  quantum  v'ell  can  mix  with  the  valence  band  states  and  2D  carriers  can  tunnel 
from  the  sf^acc  charge  region  into  the  valence  band  states  in  the  volume  of  seiniconductor. 
Due  to  high  value  of  the  effective  mass,  the  probability  of  tunneling  of  2D  carriers  into  the 
heavy  hole  states  is  small.  In  this  case  the  interband  mixing  with  the  heavy  hole  states  was 
usually  neglected.  This  approach  is  justified  for  sepiicorlductors  with  low  impurity  density, 
because  the  surface  potential  in  such  materials  is  smooth  in  the  shape,  and  the  2D  states 
localized  in  the  quantum  well  are  spatially  separated  from  the  valence  band  by  a  wide  region 
of  forbidden  energies. 

In  semiconductors  with  high  doping  level  the  effects  of  interband  tunneling  of  2D  electrons 
into  the  heavy  hole  states  can  be  stronger.  The  influence  of  these  effects  on  the  energy 
spectrum  and  broadening  of  the  2D  states  loco.lized  in  the  surface  quantum  well  in  the 
narrow  gap  semiconductor  (HgCd)Te  is  discussed  here.  '  • 

A  small  value  of  the  energy  gap  [Eg)  in  semiconductor  investigated  makes  it  necessary 
to  employ  a  multiband  Hamiltonian  in  the  kP-b&sed  calculations  of  the  energy  spectrum. 
We  started  from  the  multiband  Hamiltonian  derived  from  Kane’s  model  making  the  usual 
assumption  that  the  energy  difference  between  the  valence  fs- band  and  spin-orbit  split-off  Fr- 
band  .-j  infinite.  To  consic  i  the  effects  involving  the  heavy  hole  states,  the  interaction  with 
remote  ’  ands  ha.s  been  taken  into  account  by  a  standard  procedure  of  including  additional 
terms  with  7-parameters  in  the  Hamiltonian.  An  isotropic  approximation  ha.s  been  used. 
Wc  assumed  the  electrostatic  potential  {<piz))  to  be  parabolic  in  the  space  charge  region  and 
constant  in  the  volume  of  semiconductor. 

Thus,  Schrodinger  equation  is  two  independent  systems  of  differential  equations  of  the 
second  order.  For  solving  these  systems  boundary  conditions  have  to  be  deduced:  We 
supposed:  (i)  the  band  structure  of  insulator  to  be  identical  to  that  of  semiconductor;  (ii) 
the  energy  gap  in  the  insulator  to  be  much  greater  than  that  in  seiniconductor,  and  the 
conduction  and  valence  band  offsets,  denoted  as  Dc  and  respectively,  to  exceed  the 
value  of  Eg\  (iii)  the  energy  bands  in  the  insulator  to  be  “flat”,  and  (iv)  the  structure  to 
have  a  smooth  insulalor/semiconductor  interface  of  width  d  with  linear  dependence  of  the 
Iwnd-edge  energies  on  i  coot dinate. 

Since  a  genoial  solution  of  the  Kane  Hamiltonian  for  <p{z)  -=  const  is  known,  the  wave 
fuiicti{ui  Oil  the  insulcl.o;  and  semiconductor  rides  of  the  structure  can  be  simply  derived. 
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In  the  insulator  it  contains  only  the  terms  exponentially  vanishing  deep  into  the  insulntor. 
As  to  the  boundary  conditions  on  the  semiconductor  side  we  are  interesi.ed  in  the  cfuse 
when  the  2D  stale  is  degenerate  only  with  t.hc  heavy  hole  valence  band.  In  this  case  the 
.normal  compononr,  of  the  light,  hole  quasimomentum  is  imaginary.  I'herefore,  the  wave 
function  is  a  superposition  of  the  light  hole  term,  which  diminishes  exponentially  dce]>  iiii.o 
the  semiconductor,  and  two  oscillating  terms  presenting  the  plane  wave  associated  with  the 
heavy  hole. 

Thus,  starting  from  the  exact  solution  of  the  Kane  Hamiltonian  on  the  insulator  side  r  e 
numerically  integrated  the  differential  equation  systems  through  the  space  charge  region  niid 
chose  those  solutions  which  satisfy  the  boundary  conditions  on  the  semiconductor  side. 

It  is  clear  that,  the  eigenvalue  problem  has  a  continuous  spectrum  of  solutions  in  the  c.ase 
of  interest,  i.e.  at  any  energy  value  we  can  find  the  wave  function  satisfying  the  bound¬ 
ary  conditions.  To  define  the  energy  level  associated  with  the  resonant  2D  states  and  its 
broadening  caused  by  the  interband  mixing  between  the  2D  states  and  heavy  hole  states, 
the  I^evinson’s  theorem  has  been  applied. 

To  analyze  peculiarities  of  the  energy  spectrum  of  2D  states  arising  from  the  interband 
mixing,  we  have  performed  numerical  calculations  using  realistic  parameters.  They  are  the 
following;  Eg  =  50  meV,  Na  -Nd  =  ^^  10^^  cm--\  k  =  20,  The  calculations  have  been 
carried  out  using  two  sets  of  7-parameters:  7i  ---  2.0,  7  =  0  [1]  and  71  4.5,  7  1.0  [2|. 

To  make  identical  the  dispersion  law  of  bulk  electron  states  calculated  with  different  sets 
of  7-parameters,  we  changed  slightly  the  value  of  the  momentum  matrix  element  P  from 
8.0  X  lO'*®  eV  em,  for  the  first  set,  to  8.1  x  lO"®  eV  em,  for  the  second  one.  Paraniet.ers  of 
the  insulator/semiconductor  interface  are  the  same  as  in  [1):  2  eV,  -  1  eV,  and 

the  interface  width  d  ^  10  A. 

Figure  1  shows  the  energy  spectrum  of  2D  states  calculated  with  different  sets  of  7- 
parameters  as  compared  with  the  energy  spectrum  of  2D  states  calculated  in  the  infinite 
heavy  hole  mass  approximation  with  a  so-called  “raid-gap”  boundary  condition  on  the  semi¬ 
conductor  side.  Two  branches  of  the  energy  spectrum  specified  by  and  k"  are  two  “spin’ 
branches  of  the  ground  2D  subband  s])Iit  by  spin-orbit  interaction  in  an  asymmetric  quantum 
well.  It  is  clearly  seen  from  the  figure  that  the  iiiterband  mixing  of  2D  states  with  the  heav  y 
hole  states  results  in  the  energy  shift  of  2D  subbands  and  the  broadening  of  2D  energy  levels 
The  broadening  is  shown  in  Fig.  1  as  hatched  region.  The  value  01  broadening  is  differont 
for  and  sublevels  for  a  fixed  energy.  The  maximum  value  of  the  broadening  is  about 
10  meV,  It  is  comparable  to  the  broadening  of  2D  sl  ates  appearing  due  to  tunneling  into  liie 
light  hole  states  which  has  been  calculated  in  [3]  for  a  sample  with  close  parameters.  Note 
that  the  .broadening  value  slightly  depends  on  the  heavy  hole  effective  mass. 

Traditional  experimental  methods,  such  as  galvanornagnetic  investigations,  volt-  f  app¬ 
liance  spectroscopy,  give  information  about  the  carriers  at  the  Fermi  energy.  In  p-fypo 
(HgCd)Te  the  Fermi  level  lies  near  the  top  of  the  valence  band,  where  the  broadening  of  2D 
states  is  small  and  therefore  these  methods  must  not  be  sensitive  to  this  effect.  Tunneling 
investigations  allow  to  get  information  about  the  2D  states  in  a  wide  energy  range  including 
the  energies,  where  the  broadening  is  large.  Besides,  the  maximum  value  of  broadening  is 
comparable  with  the  cyclotron  energy  in  magnetic  fields  right  up  to  2  T.  This  r;ui  r<'suh 
in  additional  broadening  of  resonance  peaks  in  magnelo-optical  and  cyclotron  resonance 
experiments, 
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FLg.l.  The  energy  spectrum  of  2D  states 
calculated  with  different  sets  of  y- 
parameters'  y^=4.5,  r='^  {the  solid 
curves)  and  y,  =  2,  ;^  =  0(the  dashed 
curves),  as  compared  with  the  energy 
spectrum  of  2D  states  calculated  in  the 
infinite  heavy  hole  mass  approximation 
(the  dotted  curves).  The  value  of  the 
surface  potential  is  285  mV,  k*  and  k 
denote  two  different  spin  branches  of  the 
energy  spectrum.  The  dot-dash  curves 
show  the  borders  of  region,  where  the  2D 
states  are  in  resonance  with  the  heavy 
hole  valence  band. 


Fig.2  The  dependence  of  the  electron 
concentration  in  each  2D  subband  on 
the  total  concentration  of  2D  electrons. 
The  notations  and  curve  types  are  the 
same  as  in  Fig.l. 
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As  to  the  effect  connected  with  the  influence  of  interband  mixing  on  the  dispersion  law  of 
2D  states  traditional  experimental  methods  give  no  way  of  direct  deducing  a  quasi  moment  urn 
dependence  of  the  energy  of  2D  states  for  a  fixed  value  of  a  surface  quantum  w'ell.  I'lie  value 
of  the  surface  potential  is  usually  used  as  a  fitting  parameter  in  analyzing  experimental 
data,  for  example,  dependences  of  2D  subband  concentration  and  the  effective  mass  of  21) 
carriers  on  their  total  concentration.  Figure  2  shows  the  relationship  betv/een  2D  subband 
concentration  and  the  total  concentration  of  2D  electrons,  calculated  using  two  sets  of  7- 
pararneters  and  infinite  heavy  hole  effective  mass.  The  concentration  of  2D  electrons  is 
changed  by  varying  the  surface  quantum  well  depth  from  250  to  320  mV.  It  is  clearly  seen 
from  the  figure  that  the  interband  mixing  does  not  cause  essential  changes  in  the  subband 
distribution  of  2D  electrons.  One  can  see  only  slight  increase  in  ratio  between  concentrations 
of  2D  electrons  in  and  A"  “spin”  subbands  with  decreasing  the  heavy  hole  effective  mass. 
Thus,  in  spite  of  the  fact  that  the  interband  mixing  results  in  shifting  the  energy  positions 
of  2D  subbands,  it  does  not  strongly  influence  the  subband  distribution  of  2D  electrons. 

The  effective  mass  of  carriers  is  a  differential  characteristic  of  the  energy  spectrum  and  it 
might  be  more  sensitive  to  the  interband  mixing  effects.  We  have  Calculated  the  effective  mass 
of  2D  electrons  m*  =  h^k{dEjdk)~^  at  E  -  Ep  as  &  function  of  their  total  concentration 
(Fig.  3).  As  is  clearly  seen  for  large  concentration  of  2D  carriers  {Ns  >  0.55  x  10’^  cm  ■^) 
the  effective  mass  of  2D  electrons,  calculated  in  the  model  taking  into  account  the  interband 
mixing  (solid  and  dashed  curves),  is  larger  than  that  calculated  with  the  infinite  heavy 
hole  mass  (dotted  curves).  It  is  evident  that  the  concentration  dependence  of  the  effective 
mass,  calculated  with  71  =  4.5,  7  =  1.0  deviates  mostly  from  the  results  obtained  in  the 
infinite  heavy  hole  mass  approximation.  For  A: ‘‘■-“spin”  states  this  difference  is  larger  and  at 
Ns  10^^  cm“^  it  comes  to  more  than  10%. 

A  distinctive  situation  occurs  for  small  concentrations  of  2D  electrons  {Ns  <  0.45  x  10^^ 
cm"“)  for  A; ■'■-group  of  states.  The  effective  mass,  calculated  with  7-parameters,  monotoni- 
cally  decreases  with  decreasing  the  total  concentration,  whereas  the  effective  mass,  calculated 
in  the  framework  of  the  infinite  heavy  hole  mass  approxima.tion,  goes  through  a  minimum, 
and  at  some  value  of  the  total  concentration  it  becomes  larger  than  the  effective  mass  cal¬ 
culated  with  7-parametcrs. 

Thus,  the  presented  results  show  that  the  interband  mixing  causes  the  effective  mass  of  2D 
states  to  be  larger  than  that  calculated  in  the  infinite'heavy  hole  mass  approximation.  This 
is  more  evident  for  .A;^-“spin”  stales  and  for  large  concentration  of  2D  carriers.  The  effective 
mass  of  2D  carrier .s  calculated  with  the  most-used  set  of  7-parameters  {2|  differs  mosi.ly 
from  the  results  of  calculation,  in  which  the  interaction  with  remote  bands  is  neglectfjd.  To 
our  knowledge  there  are  no  experimental  data  concerning  the  effective  mass  of  2D  sl..s.tes  in 
highly  doped  narrow  gap  semiconductors  in  case,  when  2D  states  are  in  resonance  with  the 
heavy  hole  vale) ice  band. 
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1.  Introduction 

In  the  design  of  quantum  well  (QW)  devices  It  is  im{)ortant  to  know  the  eigenenergies 
and  eigenfunctions  of  the  QW.  The  enveloi)e-function  approach  gives  a  good  description  of 
electronic  and  hole  snbbands  near  the  zone  center,  is  rather  easy  to  apply  and  is  particularly, 
convenient  if  strain  effects  or  external  perturbations  are  to  be  included.  Recently  we  have 
developed  an  efficient  numerical-anal.v'tical  method  for  finding  confined  states  in  quantum- 
well  systems  with  arbitrary  potential  profiles,  described  by  coupled  Schrddinger  equations, 
sucii  as  hole  states  in  semiconductor  QW  [1].  In  the  present  paper  this  method  is  extended 
to  the  case  of  continuum  iiole  states.  In  contrast  with  the  previous  approaches,  this  work 
avoids  the  conventional  large  box  approximation  to  confine  the  continuum  wave  functions 
thus  giving  realistic  continuum  hole  stales  in  a  statement  corresponding  to  the  scattering 
problem,  'fhe  expressions  for  the  elements  of  tlie  ^’-matrix,  which  describes  hole  scattering, 
are  derived  and  its  symmetry  is  analyzed.  'I'lie  method  is  used  to  study  the  scattering  of  holes 
in  various  GuAsIGaAl/U,  SilSlGa  and  GalnAsIlnGaAsP  QW  heterostructures  with  the 
account  taken  of  the  inherent  anisotropy,  non-paraboiicity,  heavy-  and  light-hole  mixing  apd 
stiain  effects  due  to  the  lat  ii<'c-ronstantB  mismatch  at  the  inlerfates. 

2,  Wave  functions  of  the  continuous  spectrum 

We  consi<ler  for  definiteness  the  case  of  a  single  QW  (barrier)  with  the  potential  profile 
of  the  genera!  form  U{t),  where  3  is  a  coordinate  axis  perpendicular  to  the  layers  in  the 
si  met  lire.  Tlie  well  (barrier)  extends  from  3  =  0  to  z  =  d.  Inside  the  well  (barrier)  region, 
we  have  the  following  system  of  couple<l  one-dimensional  Schrddinger  equations,  which  are 
readily  seen  to  be,  a  general  form  of  the  equations  for  the  envelope  functions  of  a  hole  in  a 
somicoiidiictor  QW: 

Here  u,  6,  c  are  indeperulciit  of  3  n  xn  matricea,  an  u-coTuponent  wave  function 

with  the  number  determined  by  the  number  of  coupled  bajid  i  taken  into  account.  In  the 
part  icular  case  of  a  hole,  matrices  a,  b  and  c  depend  on  the  valence  band  parameters  and  on 
component  of  the  momentum  paralh'l  to  interfaces,  It  is  convenient  to  rewrite  equation  (1) 
in  the  form  of  tlie  first-order  eqnalion  replacing  the  function  t^’(*)  "'itli  the  2n-component 

function  ]f{z)  Substituting  this  expre.ssion  into  eouation  (1)  W(,‘  obtain 
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where  A{z)  is  the  2n  x  2n  matrix  function  constructed  from  the  matrices  «,  b,  c,  the  potential 
and  the  energy.  At  0  <  <  d  solutions  of  (2)  are  constructed,  a.s  described  in  [1],  in  the 

;  forrn  of  a  power  series  using  the  recurrence  relations.  Boundary  conditions  specific  to  the 
particular  problem  are  imposed  on  the  wave  function  solution  at  the  points  z  —  0,d.  Foi 
definiteness,  but  without  loss  of  generality  let  us  next  consider  the  case  when  y{z)  should  be 
(iontinuous  across  the  interfaces. 

With  the  well  (barrier)  extending  from  =  0  to  z  =  d,  =  0  at  z  <  0,  z  >  d  and  we 
rlesignate  matrix  A{z)  in  these  regions  by  Aq.  Solutions  satisfying  the  definite  conditions  at 
z  ±oo  are  easy  to  find  since  they  are  superpositions  of  2n-column3  (eigenvectors  of  the 
matrix  Ao)  multiplied  by  exponential  functions  (eigenvalues  of  the  matrix  Ao)-  In  the  case 
o:’  the  states  of  the  continuous  spectrum  either  all  eigenvalues  of  the  matrix  An  arvj  purely 

imaginary  or  some  of  them  are  real  and  sonie  are  purely  imaginary. 

For  illustrative  purposes  and  bravity  but  without  loss  of  generality  we  consider  the  latter 
case  with  4  x  4-dimensional  matrix  Ao  which  is  just  the  case  in  so-called  axial  approximation. 
The  eigenvalues  of  the  matrix  Ao  are;  tK,  A,  —A,  {«,  A  >  0)  Let  us  define  the  fundamental 

matrix  of  the  solutions  of  Eq.(  2)  at  z  <  0  and  z  >  d  iu  terms  of  the  following  4x4  matrix 
function 

F(z)  =  (xiexp(t«z),X2exp(Az),X3exp(-Az),X4exp(-iKz)) 

Here  Xk  =  ^  ^  >  with  Vk  =  tKfcUfc,  are  eigenvectors  of  the  matrix  Ao-  It  is  convenient  to 

consider  henceforth  that  these  Vectors  are  normalized,  t.c.  uJua.  =  1.  Using  the  method  of 
[Ij  and  calculated  F(0),  we  obtain  the  4x4  matrix  fimction  F{z)  which  is  the  solution  ol 
F-q.  (2)  at  0  <  z  <  d.  Let  us  calculate  this  matrix  function  at  the  point  z  =  d,  then  we 
get  the  4  x  4  matrix  F(d).  Since  fundamentalmatrices  of  solutions  are  nondengenerate*  it 
in  obvious  that  there  exists  a  iionsingular  4  X  4  -  matrix  II  such  that  F(d)  =  F(d)IL  The 
matrix  n  is  therefore  unemibiguously  defined  by  the  relation  II  =  F~‘(d)F(d)  To  determine 
tbe  wave  function,  corresponding  to  a  hole  in  the  definite  band  incident  on  the  v'ell  (hairier) 
from  tile  left  half-space  the  following  inhpmogenuous  system  should  be  solved; 

These  are  4  equations  for  4  variables  where  and  corresponds  to  tlu; 

reflection  and  transmission,  respectively.  The  inhomogenous  system  of  linear  equations  Li) 
fijr  linlcnown  coefficients  and  cari  always  be  solved  unambiguously.  Then  we  have  the 
following  expressions  for  the  in-waves  at  z  <  0,  0  <  z  <  d,  z  >  d,  respectively: 

(  F(z)(1,i7+,0,^-)^  ;  F{^=)(a,0,»?-,0)*  A) 

3.  S-niiatrix,  Reflectivities  and  transmi^ivities  ^  ^  ; 

,  It  is  convenient  to  mark  in-states  at  a  given  value  of  F,  as  well  as  .h’-matrix  indices  by 
ti  e  double  index  a  =  sr,  where  s  equals  -f  or  -  for  a  fieft-right’  and  right-left’  incideni  mg 
hole,  respectively,  and  r  designates  a  hole  type  (L  or  H).  In  what  follows  we  put  -o:  =  — rr. 

The  group  velocity  of  the  rth  hole  is  equal  to  Vr  =  \{dkr/dE)\~^ .  We  mnltsply  construe  t<'d 
in  -states  by  the  factor  (2iri>T)“^''^  for  them  to  be  normalized  on  S{E- E')  and  designate  thein 
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Figure  I:  Reflectivities  and  transmissivities  for  a  heavy  hole  incident  from  the  left  half-space 
on  a  single  GaAsfAlxGoi-xAa  QW 

~  Then  it  is  obvious  that  the  components  of  the  5- 

matrix  which  describe  holes  scattering,  arc  as  follows 


Since  -  f  by  defenition,  and  (here  bar  means  complex  conju¬ 

gation)  beca-!  se  the  Hamiltonian  under  consideration  is  invariant  with  respect  to  the  ^ntiu- 
nitary  transformation  H  the  following  symmetry  relation  for  the  5-matrix  holds: 


5„0  =  5,;,_.  (5) 


Expressions  for  the  transmissivities  [Ta^)  and  reflectivities  (Rap)  are  readily  obtained  from 
the  5-matrix  elements: 


r  T^p.  sgn{«)  =  sgn(/3) 
\  Rao,  sgii(«)  =  -sgn(,5) 


It  is  importatit  to  emphasize  that  to  obtain  all  elements  of  5<,/?  and  hense  all  transmissivities 
and  reflectivities  it  is  sufficient  to  calculate  only  in-solutions,  corresponding  to  holes  incident 
on  the  w«'ll  (barrier)  from  the  left  half-space,  due  to  the  symmetry  relation  (5)  and  the  fact 
v'lal  5-ma(rix  is  unitary. 

The  developed  method  has  been  used  to  examine  the  scattering  of  holes  in  various 
GaAa/GaAtAa,  SilSiGe  and  GahrAsf InGaAaP  QW  structures.  By  using  the  I  uttinger 
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Figure  2:  As  Fig.  1,  but  for  a  light  hole  incident  from  the  left  half-space  on  a  single 

Hamiltonian  to  describe  the  dynamics  of  holes  close  to  the  top  of  the  valence  band,  we  have 
taken  into  account  exactly  the  band  non-parabolicity,  anisotropy,  and  hear/-  and  light-hole 
mixing. 

Strain  effects  due  to  the  lattice  constants  nv’'?match  in  GalnAs/ InGaAsP  and  SijSiGe 
QW  structures  have  been  taken  into  account  using  deformational  constants  from  [2]  and 
from  the  calculations  of  the  strain-dependent  baud  aIignn)eDt  of  the  valence  bands  at  Si/Ge 
interfaces  [3].  Some  results  of  the  calculations  of  the  reflectivities  and  transmissivities  of 
holes  incident  from  rffie  left  half-space  on  a  single  QW  as  functions  of  the  overbarrier  energy 
are  presented  in  Figures  1,2.  The  presence  of  the  anti-resonances  and  ’resonance’  peak  of 
Thh  as  well  as  noiimonotonous  behaviour  of  Tli  at  small  energies  shows  the  dramatic  effect 
of  both,  holes  coupling  and  strain  effects  on  the  hole  dynamic-s  in  QW  structures.  Results 
depend  strongly  on  both,  allov  compositions  and  well  (barrier)  widths. 
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INTRODUCTION 

Recent  investigations  of  the  364  nm  line  in  the  photoluminescence  spectra  of  GaN^pilayem 
have  shown  that  it  can  be  attribute  it  to  extended  structural  defects.  The  reasons  for  this  are  tht- 
small  value  of  the  Huang-Rhys  factor,  the  spatial  anticorrelation  of  the  line  intensity  with  rej)^, 
to  the  bound  excilon  (BE)  line,  an  increase  of  the  lino  intensity  ne»  the  buffer  kyer  airf 
disappearance  of  the  line  in  thick  films  [1-5].  Screw  dislocattons  (2^)  md  isolrted 
crystallites  in  the  hexagonal  matrix  [5]  were  suggested  as  posstble  candidal  for  s^  drf^s^ 
However,  a  detailed  microscopical  investigation  of  GaN  epilayers  grown  on  wm^  surfaces  of  the 
SiC  substrates  where  364  nm  Une  is  particularly  intense  with  respect  to  BE  line  have  shown  veiy 
high  concentration  of  stacking  faults  [6].  This  give  us  reasons  to  suggest  thaf  364  nm  is 
related  to  excitons  bound  to  stacking  fault  (SFE).  In  to  paper  we  devdop  a  theoretical  model 

that  allows  to  calculate  the  wave  functions  and  tlie  binding  ener^es  of  SFE. 

STACKING  FAULT  AS  A  POTENTIAL  WELL  FOR  ELECTRONS 

Two  most  common  stacking  feults  (SF)  in  wurtidte  GaN  with  an  abpaabp  structure  Imve  the 
following  stacking  sequences  ocbpa^bpcy  (Ii),  abpgobPfimcyaa  (L)  md 
«hnibfyhP.cvaab6aabB  (E)  and  corresponding  Burgers  vectors  of  surroundmg  dislocations 

b(l2)  =  l/3n.-l,0,0]  and  b(E)  =  l/2[0, 0,0,1  Jl?],  It  can  be  easdy  seep  tot 
they  include  layers  of  cubic  phase  with  widths  w(Ii)  =  l.Sco,  w(l2)  -  2.0co  and  ivlpB)  *=  2.5co 
res]>ectively,  inserted  into  the  host  wurtzite  ciystal,  wliere  Co  is  the  lattice  constat.  ® 

crystal  can  be  considered  as  an  uniaxially  defoimed  along  [lll]^axis  cu-hm  crystal  with 
corr-ispondmg  strain  ^  «  0.612cc/n.  -I.  For  GaN  with  the  lattice  constants  Co  »  5.135  A  and  ao 
3.189  A  [8]  the  strain  is  ^  =  -0.005.  This  strain  shifts  the  edges  of  conduction  and  valence 
bands  by  values  AE,  =  5^  and  AEu  =  (a-bje^  respectively,  where  a  and  a,  b  are  the  deformation 
potemia!  constants  for  cubic  GaN.  The  experimental  values  of  5’  and  a,  &  for  cubic  GaN  are  not 
available.  However,  the  combination 

S-a^dEgidlnV  0) 

can  be  found  from  the  experiment^  value  of  -  -9.8  eV(9],  tte  constants  o  and  b  for 

cubic  OaN  are  related  to  deformation  potential  constants  D,  J)i  and  D,  for  wurtzite  GaN  m  cubic 
approximation  by  expressions 
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a  =  Dj  -  D3/3,  b=  2Di-^  m/i  (2) 

This  gives  a  =  -14.6  eV  aiid  b  -  -2.1  eV  for  D/-=  -0.91/?;',  D3  -  0.22/^,  O5  -0.15/?;' 
found  from  calculations  of  band  structure  of  strained  wurtzite  GaN  [1 OJ. 

The!’  from  Eqs.(i),(2)  we  can  find  S  =  -24.4  eV.  V/e  would  like  to  notice  that  the  value  of  S  is 
much  liiglicr  compare  v/ith  other  semiconductors  a  -  (4  -  8)  eV  [11] 

Since  the  SFs  are  layers  of  cubic  phase  surrounded  by  wurtzite  phase  that  can  be  considered  as 
uniaxially  compressed  cubic  phase  they  form  potential -wells  for  electrons.  The  depth  of  the  wells 
is  A>I,  =  Ee-.t  "=  122  nieV.  The  v/idths  of  the  potential  wells  L  depend  on  the  'nterface  jxjsitions 
between  cubic  and  hexagonal  phases  that  are  in  the  range  T(Ii)  =  (1.0  ±0.5)  co  =  2.6  -  7.8  .A,  L{h) 
=  (1.5  ±0,5)  Co  =  5.2  -  10,4  A.  and  A^)  -  (2.0  ±0.5)  Co  =  7.8  -.13.0  A.  Thus,  v^'e  can  consider  the 
SFs  as  quantum  wells  for  electrons. 

hi  the  valence  band  the  deformation  potential  a  is  negative  and,  therefore,  SFs  are  potential 
barriers  for  Jiolss.  The  widths  of  the  barriers  are  the  same  as  the  widths  of  potential  wells  for 

eiectrous  and  the  height  ofthebaiTiers  is  A£l»  =  (a-A)&  =  62  meV.  . 

Thus,  electrons  are  attracted  to  the  stacking  faults  but  the  holes  are  repulsed  fi-dm  them  and  the 
interface  betv/cen  w'urtziie  and  cubic  GaN  is  similar  to  the  H-type  heterojunction 

It  should  be  noted  that  this  model  is  semiphenorhenplogjcal  one.  To  check  its  accuracy  wq 
can  calculate  the  different  in  band  gaps  for  wurtzite  and  cubic  phases  AEj  =  ^Ec  -  AEj  -  60 
meV.  The  .experimental  values  of  A£g  are  in  the  range  of  90  t  190  meV  [9].  Thus,  the  theoretical 
estimate  based  on  tliis  model  is  lower  but  in  a  reasonable  agieement  with  the  experimental  value. 

ExerroNS  at  stacking  FAUurs  .  - 

Since  the  stacking  iaults  contain  a  fe'w  atomic  layers  the  quantum  effects  arc  significant  for 
calculation  of  the  electron  binding  energy  E,  at  stacldng  fault.  Tims,  the  binding  energy  can  be 
found  from  a  i\eil  knov/n  solution  of  one-dimensional  SchrOdlnger  equJtion  for  square  quantum 
well  and  is  given  by  a  solution  of  the  equation 


AA\  -  E, ■=  y[^  (3) 


For  the  case  Ee «  AAV,  can  be  found  in  the  6-potentiai  v/eU  approximation  as 
E.=  .7/.(A£.I.)W  (4) 

For  the  stacking  fault  of  Ij-type  w'slh  A  -  10  A  and  w<,  “  0.2  mo  [13],  the  binding  energy  found 
fiom  Eq  (4)  is  E,  ~  25  meV,  Thus,  the  SFs  can  bound  electrons  even  at  room  tem^eraUare. 

The  holes  can  be  attracted  to  the  electrons  bound  to  the  stacking  faults  via  Coulomb  force, 
forming  e.xcilons  bound  to  stacking  faults  (SFE).  The  binding  energy  of  the  stacking  fault  exciton 
Esinz  can  be  estimated  in  an  approxirratiou  chat  the  electron  at  SF  is  immobile.  Am  account  of  the 
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Fig.  1  Schematic  showing  (a)  the  potential  well  of  a  stacking  fiiult  (I2)  embedded  in  a  hexagonal 
wurtzite  lattice;  (b)  the  scheme  for  wave  functions  c  electrons  and  holes  bound  to  the  stacking 
faults. 

electron  motion  in  the  SF  plane  should  reduce  this  energy  to  some  extent  and,  therefore,  this 
approximation  ^ves  an  upper  estimate  for  Esfe  •  Since  the  SF  strongly  repels  the  hole  its  wave 
function  should  go  to  zero  at  SF  plane.  Therefore  the  binding  energy  ot  the  hole  is  given  by  its 
lowest  /estate  in  the  Coulomb  potential.  The  energy  of  this  level  is  0.23  Ry  ,  where 

Ry*  =  and  is  the  mass  of  the  heavy  hoie,  is  dielectric  constant  [14].  For  GaN 

with  mhh  =  1.76  mo  [10]  and  e  =  9  [15],  Ry*  =  295  meV  and  the  upper  estimate  for  SFE 
binding  energy  is  ~  60  meV.  From  another  hand  the  lower  estimate  for  Esm  is  the  binding  energy 
of  the  free  exciton  -  30  meV.  Thus,  the  binding  energy  of  SFE  is  in  the  range  E^m  =30-60 
meV. 
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CONCL'  SIGNS 

A  model  of  the  exciton  bound  to  stacking  faults  (SF)  in  GaN  is  suggested.  It  is  shoAvn  that  SFs 
are  potential  wells  (depth  ~  120  meV)  for  electrons  and  potential  barriers  (  60  meV)  for  holes. 
TJie  binding  energy  of  the  exciton  at  stacking  faults  is  estimated  as  30  -  60  meV. 

'  On  the  base  of  tliis  model  we  can  attribute  the  line  observed  at  ~  3.4  eV  in  the  b  GaN  samples 
with  liigh  density  of  stacking  faults  to  the  excltons  bound  to  stacking  faults.  To  check  the  model 
we  can  compare  the  sliift  of  the  line  vdth  respect  to  the  h-GaN  band  gap  £g  -  ftto  “  3.5  eV  <■  3.4 
eV  =  0.1  eV  willf  the  sum  of  binding  energies  of  carriers  to  the  stacking  fault  Esfe  + 

0.08  eV.  Thus,  a  reasonable  agreement  exists  between  the  model  and  the  experimental  data 
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EXCITON  COMF1.EXES  IN  MULTI-VALLEY  SEMICOKBUCTORS 
A.A.  ROGACHEV 

A.F.Ioffe  Physlccl-rschulcaUmiitute.  26  Polytechnicheskaya,  ; 
Si.-Peiersburg,  194021,  Russia 

Exdtons  in  muUi-vaiiev  semiconductors  form  up  to  six  or  even  more  different  excitonic 
molecules.  These  molc*;uie3  are  strongly  bound  and  consist  of  electron-hole  pair»  of  high  density. 

In  the  paper  we  try  to  demonstmts  the  ftct  that  the  diagruni  of  tlia  ga.s  (ex,citons  and  excitonid 
molecules)  -  excitonic  liquid  phase  transition  dso  obeys  to  the  standard  phase  diagram  while  at  a 
cx)rresponding  scaling  it  describes  a)i  gaa-!iquid  phase  transitions  ibr  simple  Uquids.  Being  very- 
close  to  hydrogen  atoms  tlie  excitons  may  form  excitorJc  mpl&eules  and  excatomc  liqurd  [3,4]. 
Both  such  species  have  been  experimentally  observed  ( [1,2]  and  a  lot  of  citations  in  these  books). 

If  exciton  molecule  consists  of  two  excitons  its  binding  energy  differs  from  hydrogen  molecule 

only  by  tlie  structure  fector  equal  to  5  where  is  the  excHon  reduce  mass  and  e 

is  the  dielectric  constant.  The  problem  of  exciton  molecules  in  a  multi-vahey  semiconductots  such 
as  Ge,  Si  and  some  7//-'/  -seroicoductors  is  much  more  cpinplicated,  one.  Both  germanium  and 
silicon  as  v/ell  Imve  muiti-valiey  structure  in  the  both  conduction  and  valence  bands,  lliis  can 
radically  alter  the  energetic  structure  of  e-h  complexes  (  muiliexcitori  complexes,  polyexcitons 

and  exciton  molecules  in  present  Iherature  are  synonyms  ).  Degeneracy  of  conduction  band  is  8  in 

case  of  germanium  and  12  in  case  of  silicon'  In  and  is  fourfold  ; 

degenerate  at  F  point  with  splitting  on  heavy  and  hclbs.  In  the  case  and 

excitons  the  ground  state  of  hole  is  fourfold  degenerate.  It  is  also  probably  trtie  for  the  case  Oi 
polyexcitons  because  they  can  be  treated  ss  having  spherical  sjmunetiy.  The  ^nsity  of  condensed  • 
liquid  also  increases  with  the  number  of  valleys.  The  exciton  bin^ng  ehdrgy  in  a  niOiecule  (or  in 
an  excitonic  compiex)  is  close  to  that  in  excitort  drops.  However,  being  in  essence  the  smaUesV 
possible  drops,  the  polyexcitons  have  a  smaller  binding  energy  than  the  liquid  drops  for  the  same 
reason  why  small  drops  have  always  a  sm^ler  binding  energy.  Let  us  consider  a  model  of 
polyexcilon  in  which  the  number  of  valleys  in  both  the  conduction  valence  bands  is  equ^  to  y 
.  This  means  that  we  suppose  the  presence  of  y  of' statistically  independent  electrons  and  boles, 
Actually  y  can  not  be  very  large  because  of  the  overlap  of  exciipn  regions  occupied  in  k-space. 
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We  also  suppose  that  =  w/,=  2  nttx..  WavefUnctions  of  electrons  and  holes  are  identical,  and  so 
the  charge  density  is  equal  to  zero  and  correspondingly  the  potential  energy  calculated  in  the 
Hartty  approximation  vanishes.  The  ‘netic  energy  Ek  for  the  hydrogen-like  wavefunctions  is 


equal  to 


- .  In  this  approximation  the  stability  of  the  excitonic  molecule  is  determined  only  by 


the  coiTelation  and  kinetic  energies.  The  exchange  energy  is  small,  since  electrons  and  holes  from 
different  valleys  have  different  quantum  numbers.  The  correlation  energy  of  an  electron  and  hole 


is  equal  to 


where  = 


r.  The  ground  state  energy  of  electron- 


hole  pairs  in  polyexciton  containing  2y  excitons  is  equal  to 


Mr 

Minimizing  Eg  we  find  size  of  the  molecule  r ,  accordingly  there  are  r  »  y  and 
-Eo  »  where  Ry  =  . . .  ^  .  The  ground  state  energy  of  exciton  liquid  which 

calculated  in  the  same  approximation  is  also  proportional  to 

A  little  bit  more  involved  calculation  shows  that  in  case  of  silicon  there  are  polyexcitons 
containing  two,  three,  four,  and  eleven  together  with  tw^elve  excitons.  In  an  exciton  the  ground 
state  is  splited  into  the  spin  states  ±3/2  and  ±1/2.  In  this  consideration  we  neglect  this  splitting. 
Then  g-factor  of  an  exciton  will  be  48  for  silicon  and  32  for  germanium.  In  the  ground  state  of 
excitonic  molecules  there  are  4  hole  states  and  much  more  electron  states.  An  experiment  shows 
[2]  that  excitonic  complexes  bound  on  donors  contain  6  holes.  However  2  holes  are  in  the  excited 
state,  which  3  more  likely  to  beF^ . 

This  model  shows  another  stability  island  of  near  1 1  and  12  excitons.  The  experiment, 
however  shows  that  5  and  6  exciton  molecules  exist.  At  present  tliere  is  a  problem  how  to  differ 
molecules  with  large  number  of  exciton  from  small  e-h  drops.  For  this  reason  it  is  difficult  to 
define  exactly  the  temperature  iti  the  triple  point  o^the  phase  diagram.  The  phase  diagram  shown 
in  Fig.l  is  obtained  free  energy  from  experimental  data  [7],  It  was  supposed  that  a  molecule  with 
more  than  4  excitons  is  not  essential  for  the  phase  diagram. 
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In  the  part  of  the  phase  diagram  related  to  smaller  density  of  electron-hole  pairs  phase 
border  N  between  gas  +  liquid  and  gas  may  be  determined  as 

z=2 

g(z^  is  g-factor  ofexciton  molecule,  which  consists  of  rexcitons,  Ei  is  the  energy  of  exciton  in 
e-b  drop,  E;  is  the  energy  of  exciton  molecule  formed  fioni  z  free  excitons.  If  exciton  atom 
consists  of  up  to  4  excitons,  g-factors  are  gex  =48,  g2  =  396,  ga  ~  800,  g4  =  495. 


e-h  pair,  cm"’ 


Fig.  1  The  exciton  gas  and  liquid  diagram.  X  -line  is  the  border  between  gas 
and  gas  +  liquid.  Other  lines  are;  biexcitons,  triexcitons  and  tetraexciions. 

Distribution  of  polyexcitons  in  quantum  v/e!ls  on  energy  levels  depends  on  the  nature  of 
polyexcitons,  i.e.  either  they  are  bosons  or  fermions,  l.'he  polyexciton  spin  is  determined  by  the 
sum  of  spins  of  electrons  and  holes.  Electrons  within  one  valley  are  fermions.  Electrons  in  a 
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polyexciton  caii  be  located  in  different  valleys  and  can  behave  themselves  as  bosons,  Two 
electrons  from  different  valleys  but  with  the  same  spins  can  be  located  in  point.  This  is  also  related 
to  holes,  with  spins  1/2  and  3/2  as  well.  The  stability  of  polyexcitons  is  based  on  this  property.  At 
first  glance  it  is  obvious  that  if  the  polyexciton  spin  is  equal  to  zero,  it  is  a  boson.  If  concentration 
of  excitonic  complexes  in  a  quantum  well  is  less  than  that  at  wliich  the  Mott  criterion  is  fulBlled 
and  temperature  is  low  enough  ,  all  complexes  are  located  on  the  lowest  energy  level  of  the  well. 
Tlie  modified  Mott  criterion  ,  to  which  polyexciton  system  obeys,  is  discussed  in  [6].  At  high 
density  polyexcitons  transform  into  excitonic  liquid  drops,  and  electrons  and  holes  are,  of  course, 
fermions. 

Thus,  transition  from  the  system,  which  is  determined  by  the  Bose-statistics,  to  the  system 
determined  by  the  Fermi-statistics  is  conditioned  by  the  flilfillment  of  the  Mott  criterion,  i.e.  by  the 
transition  from  gas  consisted  of  polyexciton  to  the  electron-  hole  liquid. 

In  such  an  experiment  it  is  desirable  to  use  three-dimensional  quantum  well ,  since  lowering 
down  the  dimentionality  of  the  quantum  well,  as  a  rule,  decreases  the  degeneracy  degree  of 
electron  and  hole  energy  levels.  If  the  three-dimensional  well  has  small  linear  dimensions  ("dot"), 
electrons  behave  themselves  as  individual  particles,  since  the  Coulomb  corrections  are  small. 
However  in  many  cases  the  Coulomb  corrections  play  a  decisive  role,  for  example,  when  the 
quantum  well  i?  shallow  enough  and  does  not  capture  an  electron-hole  pair  (exciton),  but  can 
capture  polyexcitons. 

The  work  are  supported  by  RFFI  97-02-18106  ,  FTNS  95-1011  and  INTAS  94-789 
grants. 
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POLARIZATION  ANOMALIES  IN  LUMINESCENCE  AND 
ELECTRON  EMISSION  FROM  HIGHLY  DOPED 
SEMICONDUCTOR  STRUCTURES  WITH  SPLITTED 
VALENCE  BAND 

A.V.Subashiev  and  E.P.GfcnnaR 
Department  of  Experimental  Pkysich,  State  Technical  University, 

195251  StPeiersbttrg,  Russia 

The  optical  electron  spin  orientation  in  semiconditctor  structures  has  been  extensively 
studied  in  recent  years  {see  e.g.  [1,2]).  In  quantum  well  (Q  W)  structures  and  in  compressively 
strained  (in  the  plain  of  the  heterointerface)  semiconductor  layers  (SL)  the  valence  band  4- 
fold  degenerate  Fs  state  is  splitted  into  only  2-fold  spin-degenerate  states  I'e  (heavy-hoie 
subband)  and  Ft  (light  hole  subband),  the  heavy-hole  band  being  moved  up.  Therefore 
when  the  electrons  ar.-'i excited  by  circularly  polarized  light  at  the  absorption  edge  from  the 
heavy-hole  subband  a  fully  polarized  final  electron  state  is  formed.  The  electron  polarization 
up  to  90  %  was  observed  in  polarized  luminescence  from  quantum  well  structures  [3]  and  from 
strained  la^'ers  [4l  and  in  polarized  electron  emission  experiments  on  the  strained  structures 
[5]  and  superlattices  16]. 

.4.t  h.igher  energies  light  holes  contribute  to  the  absorption,  and  smaller  polarization  is 
obtained,  since  the  direction  of  the  spin  orientation  is  opposite  for  the  electrons  excited  from 
the  dge  of  heavy-hole  and  light-hole  bands. 

High  polarization  of  the  emitted  electrons  have  made  strained  GaAs  layers  and  GaAs- 
based  superlattices  tilth  a  surface  activated  in  the  negative  electron  affinity  state  an  effective 
source  of  highly  polarized  electrons  for  high-energy  ph3''sics  applications  [7]. 

Ill  the  report  we  considc.  the  optical  spin  orientation  of  the  electrons  in  highly  p-doped 
semiconductor  structuies  with  splitted  valence  band  in  the  case  when  the  edge  absorption 
is  modified  by  the  hole  Fermi-disfribution  in  the  valence  band.  We  point  out  that  at  low 
temperatures  when  the  top  of  the  heavy-hole  band  is  empty,  the  absorption  edge  is  shifted 
via  the  Moss-Burstein  effect.  Then,  near  the  edge  the  transitions  from  the  light-hole  band 
car.  piedominate,  while  at  uigher  energies  large  contribution  of  the  heavy-  hole. band  changes 
the  sign  of  the  average  polarization  to  the  opposite.  Thus,  abrupt  changes  in  the  elec¬ 
tronic  polarization  and,  consequently,  in  the  polarized  luminescence  and  photoemission  are 
predicted.  e" ■■  •■',  '■■  ■ 

The  .strained  structure  energy  band  diagram  illustrating  the  qualitative  reasoning  above  is 
plotted  in  Fig.  1.  Ii  is  readily  seen  that  the  light-hole  absorption  edge  is  lower  in  energy  than 
the  lieavy-hole  edge  when  >  A.  Here  Ep  is  the  heavy-hole  Fermi  energy,  me 

is  conduction  band  effective  mass,  is  the  heavy-hole  splitted  band  transverse  effective 

mass,  and  A  is  the  valence  band  splitting  caused  by  the  stress.  Since  mfcA,x/mc  >  1  the 
effect  is  shown  to  be  observable  in  the  samples  with  A  >  20  raeV  at  acceptor  concentrations 
p>  :i0’^  cm  -^  and  T  <  77  K. 

When  -temperature  is  raised,  the  Fermi-level  shifting  and  the  srhearing  of  the  Fermi- 
distribution  lead  to  the  heavy-hole  domination  in  the  edge  absorption,  and  the  spin  orien¬ 
tation  ber.mie.s  a  smooth  function  of  the  excitation  energy  and  does  not  change  its  sign. 
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Fig.l  Energj  bands  for  a  strained  (100)  GaAs  layer 
.  as  a  function  of  wave  vector  k  along  and 
perpendicular  to  the  strain  axis.  The  onset 
of  the  optical  transitions  from  the  splitted 
light'hoie  (El)  and  heavy-hole  (E2,E2)  va¬ 
lence  band  states  to  he  top  of  the  conduction 
band  Tc  are  shown  by  the  vertical  arrows,  Ep 
being  Fermi  energy. 


We  have  considered  the  circularly 
polarized  light  absorption  in  QW 
and  in  SL  p-doped  GaAs  struc¬ 
tures  with  different  doping  level 
on  a  Gai-jjPr  substrate,  oriented 
along  [100]  axis  w'ith  the  valence 
band  splitted  by  the  lattice  con¬ 
stant’s  mismatch.  We  assiirncd 
that  as  a  result  of  heavy  doping 
the  excitonic  effects  are  scn^ned, 
and  are  negligible.  The  attainable 
values  of  valence  subband  splitting 
A  and  the  hole  Fermi  energy  are 
much  smaller  than  the  spin-orbital 
valence  band  splitting,  therefore 
Luttinger  model  for  valence  band 
states  is  applicable.  The  average 
concentration  of  electrons  excited 
from  slitted  valence  band  states  in 
the  conduction  band  in  a  unit  time 
in  a  state  with  spin  up  and  spin 
down  have  been  calculated. 

The  electron  polarization  at  the 


excitation  moment  is  given  by 


P  =  Ph 


K. 


Ki 


Ki  -h  Kh  +  Kh. 


(1) 


Here  Kh  aud  Ph  {Ki  and  Pi)  are  the  absorption  coefficient  a’^d  the  electron  polarization 
for  the  electron  excitation  from  the  heavv-hole  (light-hole)  band.  The  resulting  electron 
polarization  depends  on  the  relative  contribution  of  the  light-  and  heavy-hole  bands. 

The  absorption  coefficient  of  GaAs  strained  layer  with  the  band  splitting  A  =  30  meV 
calculated  at  temperature  T  =  4  K  for  several  hole  concentrations  is  shown  in  Fig.  2. 
The  light-lioie  contribution  and  the  heavy-hole  contribution  to  the  absorption  are  showui 
separately  1  •  the  dashed  lines.  As  expected,  the  onset  of  the  hcavy-hole  transition  is  siiifted 
to  the  high  energ>'  with  the  rise  of  the  hole  concentration.  Note  the  square-root  lieavy- 
1  )le  absorption  coefficient  energy  dependence  at  the  absorption  edge,  which  ro.sull8  f  ‘oni 
anisotropy  of  the  hole  spectrum  'n  the  stressed  layer.  The  anisotropy  reduces  the  absorption 
coefficient  up  to  the  excitation  energj'  hw  —  Eg  +  Ey{l  m/,,|j/m^)  where  is  tlie  heavy 
hole  mass  in  unstressed  GaAs. 

The  results  of  the  electron  polarization  calculation  are  depicted  in  Fig.  3.  Sep¬ 
arate  contributions  of  the  heavy-hole  and  light-hole  transitions  are  shown  by  daslx'd 
lines.  For  small  values  of  ho)''  concentration  the  electron  polari'^ation  is  iiigii  arid 
positive  up  to  the  doubled  band-splitting  energy,  when'  the  light  hole  cofurihuf ion 
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Fig.  2  Absorption  coefficient  versus  exci¬ 
tation  energy  E  =  fit'  —  Eg  in 
a  strained  lieavily  p-doped  GaAs 
layer  for  several  doping  concentra¬ 
tions  at  T— 4  K:  (•)  p=10*®  cm~®, 
(+)  p=5xl0’"  cm“^  (□)  p=10^* 
cm~^,  (o)  p=3xl0^®  cm~^,  and 
(dotted  lines)  separate  contribu¬ 
tions  of  HH  piud  LH  bands. 


Fig.  3  Electron  spin  polarization  as  a 
function  of  the  optical  excitation 
energy  in  a  strained  heavily  p- 
doped  GaAs  layer  at  T=4  K: 
(.)  cra-3,  (*)  p=5xl0^^ 

cm'^,  (□)  p=10^*  cm~^,  (o) 

p=3xl0^®  cm“^,  dotted  lines  - 
separate  contributions  of  HH  and 
LH  bands. 


starts  to  reduce  it.  When  Fermi  -  energy  is  larger  than  0.5 A  the  anomalous  rapid  changes 
of  polarization  from  negative  values  are  clearly  seen.  Note  the  changes  of  the  heavy^hole 
contribution  energy  dependence  in  the  case  of  high  hole  concentration,  originated  from  the 
anisotropy  of  the  hole  spectrum. 

The  energy  dependence  of  the  electronic  polarization  below  the  interband  transition  edge 
is  highly  sensitive  to  the  specific  features  of  the  fluctuation  potential,  the  percolation  level 
posit.’cn  and  the  electron  spin  relaxation  mechanism.  Still,  the  spin  relaxation  effects  do 
not  smear  the  polarization  anomaly,  but  only  specify  the  red-side  edge  of  the  polarization 
curves. 

The  energy  at  which  the  polarization  changes  it’s  sign  is  very  sensitive  to  the  Fermi- 
level  position,  and  therefore  to  the  band  tailing  density  of  states.  We  have  calculated  the 
Fermi  energy  for  as  a  function  of  hole  concentration  (i)  neglecting  band  tailing  (ii)  including 
band  tails  in  so-called  Halperin  -  Lax  model  [8],  (iii)  accounting  for  the  tailing  in  modified 
quasic'.assical  approach,  proposed  in  Ref.  [10].  The  most  pronounced  difference  is  found 
when  the  band  splitting  and  the  Fermi  energy  are  of  the  same  order  of  magnitude  as  the 
band  tail  states  energjt  For  the  acceptors  in  Ga.As  with  high  («  30  meV )  ionization  energy 
the  values  are  found  to  be  quite  close. 

The  results  of  the  electron  polarization  calculation  for  the  GaAs  QW  structure  for  the  5 
nm  QW  width  are  presented  in  Fig.  4.  Separate  contributions  of  the  first  heavy-hole  subband 
(HHl )  the  first  light-hole  subbaiid  (LHl)  and  thi.  second  heavy-hole  subband  excitations  are 
.sliou-r;  by  <i?.s)ied  lines.  The  anomalous  rapid  changes  of  polarization  from  negative  to 
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Fig.4  Electron  spin  polarization 
as  a  function  of ,  the  op¬ 
tical  excitation  energy  in 
a  5  nm- width  QW  GaAs 
structure  at  T'=:4  K:  (•) 
p=10“  cm~^,  (□)  p=lC:^^ 
cni“*,  (o)  p=:1.5  X  10** 
cm'*,  dotted  lines  -  sepa¬ 
rate  contributions  of  tran¬ 
sitions  from  HHl,  LHl  and 
HH2  subbands. 


positive  values  are  strongly  pronounced  for  the  hole  conc.entration  p  >10**  cm"*. 

In  conclusion,  we  have  shown  that  in  QW  and  strained  layer  structures  with  splitted 
valence  band  the  electronic  polarization  can  have  anomalously  strong  dependence  on  the 
excitation  energy,  doping  and  temperature.  The  results  indicate  high  sensitivity  of  the 
polarization  anomaly  to  the  fluctuation  potential. 
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It  is  derived  the  onc-band  Hamiltonian  for  the  F-point  electrons  in  (001)  heterostructures,  non- 
graded  interfaces,  composed  of  III-V  related  lattice-matched  semiconductors.  The  position- 
dependent  effective  mass  parameters  are  inc’'  ded  in  the  effective  Hamiltonian.  The  accuracy 
of  the  Hamiltonian  is  specified.  The  effects  caused  by  abruptness  of  heterojunctions  are 
discussed.  • 

The  effective-mass  approximation  based  on  the  envelope-function  method  is  widely  used  to 
describe  the  dynamics  of  electrons  in  perturbed  crystals.  Still  it  is  absent  received  firm  basement 
under  the  approximation  for  semiconductor  structures  with  position-dependent  chemical  compo¬ 
sition.  Considerable  recent  attention  has  been  paid  to  the  following  two  problems:  1)  the  correct 
choice  of  the  kinetic  energy  operator  comprising  the  non-commutative  operators  of  the  momentum 
anu  the  effective  mass,  and  2)  principal  applicability  of  the  envelope-function  method  to  description 
of  electron  states  in  structures  with  abrupt  hetorpjunctions.  This  is  the  case  even  for  the  sitr.plest 

situation  concerning  the  one-band  Hamiltonian. 

In  Ref.  [1]  it  was  derived  the  effective  conduction-band  Hamiltonian  for  heterostruciures 
with  graded  iieterojunctions  taking  into  account  the  position-dependent  effective  mass.  Further 
it  V  IS  shown  and  reported  [2]  that  for  abrupt  heterojunctions  the  envelope-function  equations 
have  additional  terms,  which  originate  from  the  rapid  change  in  periodic  potential,  that  are  not 
exponentially  small.  That  is  why  even  the  all-band  set  of  the  k  •  p  envelope-function  equations 
becomes  merely  asymptotically  exact.  The  requirement  on  desirable  locality  (differential  form)  of 
the  envelopc-functicui  equations  brings  about  further  limitations  in  accuracy  of  the  method.  This 
way.  It  is  necessary  not  only  lo  include  such  terms  into  the  Hamiltotuan,  but  also  estimate  accuracy 
of  all  approximations  made  to  assure  correctness  of  consideration.  This  is  the  purpose  of  the 

presentwork.  ,,  ,  . 

Let  us  consider  a  (OOi)  structure  with  a  single  heterojunction  formed  with  related  latuce- 
matclied  zinc-blend  symmetry  semiconductors.  We  adopt  the  following  simple  model  for  the 
lattice,  potemial; 

U  =  Ux  -I-  G  [Uz  -  Ih]  s  (7,  -f  G8U, 

V\  =  V\  (r)  and  Uz  ~  Uz  (r)  are  the  periodic  extended  to  the  entire  structure  potentials  of  the  left- 
and  right-hand  materials  respectively,  G  'Z'  G  (z)  is  the  form-factor  of  the  heterojunction;  t.i  =  0 
if  ^  <  -d,  and  6’  -  1  if  2  >  d.  We  assume  2d  ■  h  <1,  where  h  is  the  characteristic  wave 
number  of  a  state  in  question.  Having  the  function  G  (2)  at  hand,  and  when  the  tiansition  region 
of  the  lieierojunction  is  much  less  then  the  characteristic  wavelength  of  a  state  in  question,  we  can 
specifj'  the  envelope-function  equation  with  mathematically  abrupt  heterojunction  (the  Heaviside 
step-function  0  (2  —  20)  substitutes  G  (2),  and  |2o!  <  d)  that  will  be  equivalent  to  some  accuracy  to 
the  original  equation.  The  resulting  envelope-function  equation  including  abrv  pt-interface-induced 
corrections  has  the  following  form,  we  set  20  =  0: 

UdO  +  0  (-)  ~  c]  F  (r)  +  ^  rn"  (2)  pmf  (2)  pm"  (z)  F  (r)  -f- 
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+aop*V (r)  +  ^0  (p|iP^  +  P^pJ)  F  (r)  + 

+  rfi-tpxn]-.T6{^)F(r)  +  rf:-6(0)F(r)  =  O.  (1) 

Here  c^o  is  the  conduction  band  edge  of  »he  left-hand  semiconductor,  AUc  is  the  conduction  band 
offset,  rueiz)  is  the  position- dependent  band  edge  effective  mass,  2a  +  13  =  -1,  ao  and  jSo  are 
the  weak  non-parabolicity  parameters,  p  is  the  momentum  operator,  pjj  =  (pr,Pj„0);  n  is  a  unit 
vector  along  the  ^r-axis,  <t  are  the  spin-1  /2  matrices,  S  (x)  is  the  Dirac  5-function.  The  constants  a, 
di  and  dz  are  defined  via  the  cumbersome  expressions  presented  below. 

The  constant  a:  ,  ^ 

4/>  +  ^ 


2{fi2  -  m  -ApY 


The  abrupt-interface-related  constant  p  is 


i(c|p,|n)  {n\SUsxn{K^z)\c) 
27rfsr„imo(ecO  -  eno) 


/ 

~d 


G'{z)  COSiKm^)  dz  — 


_  V  I  I  c)  j  / COS (K,„z)  sin(/c^)  \ 

where  |n)  =  u„o  is  the  periodic  Bloch  amplitude  at  the  nth  band  edge  fno  of  the  left-hand  crystal 
for  r  point,  mo  is  the  free  electrcn  mass,^  =  1,  Cf{z)  =  dG{z)/dz,  and  Km  •“  (47rm/a),  m  is  an 
integer  and  a  is  the  lattice  constant.  Further,  pi  and  pz  are  the  material-defined  constants: 


=  Y"  2-Kcip,.|n.)p5^ee  _  y  4.-(c[p^|n)  (n|px  |s)  5t/,e^ 

m§(ecO-eno)^  -  <no)  (ccO  -  Crf)  ’ 

_  y'  2-  (clpa:  |n)  5i!/n3/a|pa,[c)_ 

rno  (fcO  -  eno)  (CcO  -  C^)  ’ 

here  5t/„„»  =  (n  [  5t/  |  n').  And  the  constant  f  originates  from  the  finite  width  of  the  transition 
region  of  the  heterojunction: 

2G{z)zd^\  . 


The  constant  di : 


(c|p,|n)(n|[Vgtfxpl.|«)(»|p.|c)  ^ 

*  n^c  -  e..o)(frf)  -  frf) 

,  ^  (c|[V(sm(A',„z)W)xp].W{n|p.|c)  U., 

-f  >  - - - y-— - - -  /  (r  (^)C0S(A„i2jrf.>. 

47rA,„»noC^(feO  -  fno) 

here  c  is  the  velocity  of  light  in  vacuum.  Tlie  constant  di  depends  both  on  the  materials  of 
heterojunctions  and  tne  grade  of  its  abruptness. 
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The  constant  (h  also  comes  from  the  finite  width  of  the  heterojanction  and  specific  form  of  the 
function  G'(2): 


^2  =  + 

+  ^  (cjt^^'cosqCxr)  |_c)  J  sin  (/C^)rf2. 


2-nKv. 

m?iO 

Tfie  total  wave  function  expressed  via  the  envelope  is: 


<1'  (r)  u,o 


1 V  |(c|pxin)|^  2^ 

2^^7nl{eA-f.nof  j 


F(r)  + 


+ r  [  WpifLe + w.„Q  (=)  + 

(fco  -  f«o)  mo 


V  - 27 - - 


F(r). 


(2) 


We  assumed  that  I  (?i  |  «5f/exp(^’,„i:)  \  n')jisoftheorderof  ](5f/,;  fi' I  finite  m,  the  magnitude  of 

the  conduction  band  offset  is  of  the  same  order,  and  the  energy  constant  of  the  spin-orbit  interaction 
is  of  the  same  order  too.  It  is  convenient  to  introduce  the  parameter  A  =  (27neEy)  oepending 
on  the  characteristic  bandgap  Eg  and  the  effective  mass  (for  conduction  band  of  GaAs  A  si  6A). 
In  Ref,  [1]  it  was  sh>'V/n  that  kl  is  of  the  order  of  2-m.c  |5f/n7i'|thc  reason  of  necessary  inclusion 
of  the  weak  non-parabolicity  terms  into  the  envelope-function  equation  with  position-dependent 
effective  mass.  During  the  derivation  of  the  conduction  band  envelope-function  equation  (??)  we 
used  that  small  parameters  are  G  =  A  •  fcj,  h  =  A.s//\i  (/fi  —  dx/a)  and  —  d  ■  k-  .  Fhe 
accuracy  of  this  one-band  approximation  does  not  allow  to  take  into  account  aO  terms  that  are  of 
the  order  of  k(7nn'|  •  •  ii  •  is  with '<7,  w,  v  =  0, 1,2,3  and  <7  +  «;  -j-  u  =  3,  This  accuracy  will  be 

preserved  for  the  structures  with  many  layers  if  L  •  k^  is  of  the  order  of  unit  or  more,  where^  L  is  the 
characteristic  width  of  the  layers.  For  wide  bandgap  materials  (A  ~  a)  the  principal  restriction  in 
the  acc  aracy  originates  from  the  going  into  the  differential  equation  form  for  the  envelope-function 
equation.  It  can  be  shown,  that  the  envelope  function  F(r)  Fourier  transform  J'(k)  oc  (kj  '  at 
-4  oc.  If  one  includes,  e.g.  the  term  proportional  to  p*,  its  contribution  will  be  of  the  order 
of  the  inaccuracy,  which  the  term  will  produce,  appearing  in  going  from  the  integro-differential 
envelope-function  equation  to  the  differential  one.  In  this  case  this  single-band  approximation  and 
any  other  many-  band  model,  which  pretends  to  consider  the  problem  of  the  electron  states  more 
accurate,  have  generally  speaking  the  same  accuracy  when  the  proper  envelope-function  equation 
is  in  the  form  of  differential  equations  of  finite  order. 
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Investigations  of  far  infrared  (FIR)  response  of  p-type  strained  MQW  heterostructures  (FIS) 
are  of  significant  interest  from  both  ftindcmcntal  and  practical  points  of  view.  The  stress  resulting 
from  the  mismatch  of  lattice  constants  of  well  and  barrier  layers  splits  the  degenerate  valence  band 
thus  providing  holes  of  low  mass  and  high  mobility  in  quantum  wells.  FIR  photoconducti\nty  con¬ 
nected  with  excitation  of  confined  acceptors  was  observed  in  strained  MQW  Ge/GeSi  HSs  and 
the  possibility  of  developing  of  sensitive  photoelectic  detector  of  long  wavelength  range  of  ITR 
region  was  shown  [I],  In  strained  MQW  InGaAs/GaAs  heterostructures  FIR  emission  of  highly 
nonequilibrium  hot  holes  at  real  space  transfer  was  revealed  and  the  new  mechanism  of  the  intra¬ 
band  population  inversion  was  put  forward  [2],  However  to  the  present  time  there  have  been  no 
systematic  exploration  of  valence  band  structure  in  strain  MQW  systems. 

■  The  paper  is  devoted  to  the  investigation  of  cyclotron  resonance  (CR)  and  intersubband  ab¬ 
sorption  in  selectively  doped  p-type  MQW  Ge/Gci.xSix  heterostructures  in  quantizing  magnetic 
fields.  Earlier  CR  in  Ge/GeSi  HSs  was  studied  in  low  magnetic  fields  up  to  3  T  only  [3,4] 
(recently  CR  was  observed  in  Ge/GeSi  at  5  =  8.5T  at  X  =  119  pm  [5]).  The  structures  under  in¬ 
vestigation  were  grov/n  by  CVD  technique  on  Ge(l  1 1)  substrates.  GeSi  barriers  were  selectively 
doped  with  boron.  Absorption  spectra  were  measured  by  Bruker  IFS  113  spectrometer  optically 
coupled  with  helium  cryostat  with  14T  superconducting  solenoid.  The  radiation  passed  through 
the  sample  was  detected  by  Si-bolometer.  To  reveal  the  field  induced  absorption  the  signal  meas¬ 
ured  in  the  magnetic  field  SiB)  was  divided  by  that  obtained  at  B  =  0. 

Fig.l  represents  normalized  transmittance  spectra  of  the  sample  #123,  Four  absorption  lines 
can  be  identified  in  the  spectra.  The  spectral  positions  of  lines  1  and  2  are  practically  independent 
on  the  field.  The  line  3  shifts  nearly  linear  with  the  field  (see  Fig.2),  The  resonant  frequency  of  the 
weak  absorption  line  4  (it  is  much  better  pronounced  in  the  sample  #125)  slightly  increases  with 
the  field.  The  line  positions  for  different  samples  are  plotted  in  Fig.2.  In  the  sample  #125  the  addi¬ 
tional  absorption  line  3’  was  revealed.  It  is  clearly  seen  that  the  slope  of  line  3  is  nearly  constant 
up  to  14  T;  it  corresponds  to  the  cyclotron  mass  of  (0.0 8^-0. 09)w;o,  i.e.  of  the  value  of  “classical” 
cyclotron  mass  at  Fermi  energy  [4].  This  fact  is  striking  since  in  high  magnetic  fields  the  observed 
cyclotron  energy  exceeds  several  imes  the  energy  gap  between  iMe  1st  and  the  2nd  hole  subbands 
which  are  in  addition  highly  nonparabolic  [4].  The  positions  of  lines  1,2  and  4  are  in  a  good 
agreement  with  the  calculated  at  B  =  0  energy  gaps  betweet  the  1st  and  the  2nd,  3rd  and  4th 
heavy  hole  subbands  correspondingly  (bold  segments  in  Fig, 3).  The  above  calculations  were  car¬ 
ried  out  taking  into  account  the  finite  value  of  the  valence  band  offset  at  the  heterojunctions.  In 
the  quantizing  magnetic  fields  the  bole  states  in  QW  become  zero-dimensional  thus  resulting  in 
resonant  transitions  between  subbands  in  contrast  to  the  case  of  zero  magnetic  field. 
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Fig.  1 .  Normalized  transmittance  spectra  of  the  sample  #123  (x  «  0,07,  doe  ^  190  A, 
/’«juiv»3.6kbar,  15,/?, «  2.410"  cm*^)  in  magnetic  fields  5-f-14T;  7’=4.2K. 

Calculations  of  the  Landau  levels  versus  magnetic  field  for  QW  with  infinitely  high  walls  us¬ 
ing  the  Kchn-I.uttinger  approach  were  carried  out  to  allow  more  detailed  interpretation  of  the  ex¬ 
perimental  spectra.  The  anisotropy  of  the  hamiltonian  was  taken  into  account  by  first  order  per¬ 
turbation  thv^ory.  The  rr suits  are  given  in  Fig.3  where  few  lowest  w'eakJy  interacting  Landau  levels 
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is  allowed.  However  this  approach  seems  to  gi' 
ior  within  subband. 


Fig.2.  Spectra!  positions  of  the  absorption  lines 
versus  magnetic  fields  of  the  samples  #123 
(•,□),  #125(  0,D;  X  «  0.08,  doc »  180  A, 

«  3.6  kbar,  Mqw  =  2.7  lO"  cm'^).  #374 

(A;  X  »  0.09,  i/ce »  180  A,  P^quiv  «  1 .5  kbar,  /zqw 
=  2.9 10"  cm'^);  7=  4.2  K.  Data  for  < 

4  T  were  taken  from  [4]. 

attributed  to  four  heavy  hole  subbands  hhl-^hh4 
are  presented.  The  discrepancy  between  sub¬ 
band  edge  positions  calculated  at  5  =  0  and 
Landau  level  positions  at  low  magnetic  fields  is 
clearly  seen.  It  originates  from  the  assumption 
of  infinite  height  of  QW  walls  in  Landau  level 
calculations  that  results  in  the  overstated  energy 
values  at  5  0.  Thus  only  qualitative  compari¬ 

son  of  these  results  with  the  experimental  data 
adequate  description  for  the  I.andau  level  behav- 


Landau  levels  in  QW  are  classified  in  two  independent  groups  designated  by  letters  c  and  s 
(Fig.3).  The  only  exception  is  the  lowest  levels  in  each  subband  -1(1),  -1(2)  ...which  have  the 
same  nature  as  3D  states  [6].  In  the  designation  of  a  level  the  first  number  M  =  -1,0,1 ...  numerates 
Landau  levels  within  the  group  and  the  index  at  the  letter  numerates  the  levels  with  the  same  M 
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Fig.3.  Calculated  Landau  level  energies  versus  magnetic  field  for  the  sample 
#123  (for  infinite  height  of  Bold  segments  across  the  energy  axis  indi¬ 
cate  calculated  positions  of  hole  levels  at  5  =  0,  A  =  0  in  QW  at  finite  band 
offset,  Fermi  level  is  shown  schematically  by  bold  line. 


and  c  or  .v  in  the  order  of  the  increase  of  the  energy.  The  levels  -l(n)  (n-1,2...)  do  not  interact 
with  other  Landau  levels;  they  linearly  shift  v/ith  the  field  with  the  same  slope.  So  the  lines  1  and  2 
in  Fig.l  which  spectral  positions  are  independent  on  the  field  can  be  naturally  attributed  to  the 
transitions  from  -1(1)  level  to  -1(2)  and  -1(3)  levels  correspondingly.  The  spectral  position  of  the 
line  4  corresponds  fairly  well  to  the  gap  between  hhl  and  hh4  subbands.  However  this  line  exltib- 
its  a  marked  shift  in  the  magnetic  field  (this  absorption  line  is  much  better  revealed  in  the  sample 
#125  v/ith  greater  number  of  QWs).  This  may  be  explained  both  by  the  transitions  to  2nd  Landau 
level  in  hh^  subband  Ocs  which  is  relatively  close  to  -1(4)  one  and  by  the  transitions  to  the  1st 
light  hole  subhand  Ihj  that  is  close  to  hh4  according  to  the  correct  calculations  at^  =  0  (Fig.3). 

Despite  the  whole  picture  of  Landau  levels  in  QV/  is  extremely  complicated  because  of  num¬ 
ber  of  interacting  levels  [6]  it  is  clearly  seen  ftom  Fig.3  that  the  energy  position  of  the  Osi  levd 
attributed  to  hhl  subband  has  nearly  constant  slope  versus  magnetic  field.  This  level  “easily” 
penetrates  into  hh2  and  hh3  subband.  Such  behavior  results  from  the  fact  that  Osj  level  pushes  off 
only  from  the  0^2  one  attributed  to  hh3  subband.  The  difference  in  the  slopes  of  0.yi  and  -1(1) 
levels  corresponds  to  tlie  cyclotron  mass  of  (0.07'7-0.08)wo  that  is  in  a  good  agreement  with  the 
obseiv'ed  cyclotron  mass  of  (0.08-0.09)Wofor  the  line  3  (Fig.  1,2).  The  difference  in  the  quantum 
number  AM  =  1  also  corresponds  to  CR  transitions  within  one  and  the  same  subband.  Thus  the 
striking  behavior  of  CR  line  3  which  persists  ft-om  millimeter  wavelengths  up  to  /ico  <^20  meV  is 
naturally  explained  by  the  existence  of  weakly  interacting  Landau  levels.  As  far  as  the  line  3  that 
was  revealed  in  the  sample  #125  only  (Fig.2)  its  spectral  position  corresponds  to  CR  transitions 
between  2c-i  and  3ci  levels  (Fig.3)  (in  this  sample  the  hole  concentration  is  a  little  bit  higher  than 
that  in  #  1 23  and  the  2nd  Landau  level  2ci  seems  to  be  populated  up  to  1 1 .5  T).  There  is  also  some 
spectral  structure  resembling  this  line  in  spectrum  of  #123  at  5  =  8  T  at  v  =  55  cm  K  However  at 
5  >  10  T  when  only  the  lowest  Landau  level  is  populated  in  this  sample  the  line  is  not  observed  in 
the  spectra. 

Thus  the  investigation  of  FIR  absorption  in  selectively  doped  p-type  MQW  Ge/GeSi  het¬ 
erostructures  in  quantizing  magnetic  fields  was  carried  out.  Resonant  transitions  between  hole 
subbands  were  revealed.  CR  lines  resulting  from  transitions  from  tv/o  lov/est  Landau  levels  were 
observed.  Nearly  linear  dependence  of  CR  frequency  on  the  magnetic  field  is  shown  to  result  from 
the  existence  of  weakly  interacting  Landau  levels. 

The  research  described  in  this  publication  was  made  possible  in  part  by  FWF,  Austria,  project 
M00327-FHY;  Russian  Scientific  Programs  “Physics  of  Solid  State  Nanostructures”  (projects  #  1- 
065/3,  #  2-027/4),  “Physics  of  Microwaves”  (project  #  4.5),  “Physics  of  Quantum  and  Wave 
Processes/Fundamental  spectroscopy”  (project  #7.8)  and  Grant  #95-02-04891  from  RFBR,  The 
authors  would  like  to  acknowledge  A.V.Germanenko  and  G.M.Minkov  for  collaboration  in  the 
development  of  the  numerical  codes  for  Landau  level  calculation,  Yu.N.Drozdov  and 
L.D.Moldavskaya  for  x-ray  investigation  of  the  heterostructures. 
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In  recent  papers  [1,2]  the  far  IR  radiation  from  2D  hot  holes  in  MQW  ln^Ga,..^As/(jaAs 
heterostructures  at  lateral  transport  has  been  investigated  experimentally.  The  remarkable 
nonmonotonic  behaviour  of  the  radiation  intensities  versus  electric  field  were  revealed  under 
real  space  transfer  and  new  mechanism  of  the  infraband  population  im/ersion  was  put  fonvard. 
Tlie  paper  presents  the  first  study  of  lateral  electric  field  effects  on  the  band  gap 
photoluminesceuce  (PL)  from  these  heterostaictures  under  real  space  transfer. 

In^Gai.^As/GaAs  heterostriictures  (0,03  <  x  <  0.2,  dinQa4s==  5-^10  nm,  dna^r, 60  nm. 
nQ\v“  20)  were  grown  by  MOCVD  technique  at  atmospheric  pressure  on  semi -insulating  GaAs 
(001)  substrates.  Two  6-layers  of  carbon  v/ere  introduced  at  2.5  5  nm  from  both  sides  of  each 

In^Gai.,^A's  quantum  well  in  GaAs  hairier  layers.  I'ypical  values  of  2D  hole  concentration  and 
mobility  at  T  =  4.2K  were  of  =  (0,5  ^  3)  x  lo’*  cm'^,  p.  «  3000  cmVV-s.  The  lateral  pulsed 
electric  field  up  to  2  kV/cm  3-1-5  ps  in  duration  was  applied  to  the  structure  via  strip  electric 
contacts  deposited  on  the  .sample  surface  at  the  distance  3  -f  4  mm.  PL  was  excited  by 
continuous  He-Ne  or  Ar”"  lasers,  dispersed  by  monochromator  and  defected  by  cooled 
photomultiplier.  Boxscar  integrator  was  used  for  data  acqui.sition.  The  ia.ser  beam  was  focused 
on  the  samples  to  a  spot  of  1  mm  in  diameter.  The  measurements  were  carried  out  at  4.2  K. 


In  strong  electric  fields  cuirent-voltage 
I(V)  characteristics  of  wide  quantum  wells  (x  « 
0.2,  djnoa^j  ~  10  nm)  exhibit  pronounced 
saturation  resulting  from  the  escape  of  the  holes 
from  the  quantum  wells  into  GaAs  barrier 
layers  where  their  mobility  drops  drastically 
[1],  In  these  heterostructures  PL  emission  is 
caused  by  optical  transitions  between  electron 
and  heavy  holes  subbands  in  quantum  wells.  In 
the  electric  fields  corresponding  to  the  linear 
part  of  IfV)  curve  PL  peak  shifts  to  higher 
energy  (up  to  5  meV  at  E  0.6  kV/cm)  and 
broadens  a  little  bit  while  the  integral  PL 
intensity  remains  nearly  constant  (Fig  1).  This 


E,  V/cm 


can  be  explained  by  the  carrier  heating  in  the 
quantum  wells.  At  further  increase  of  electric 
field  the  integral  PL  intensity  goes  down  that 
indicates  the  carrier  transfer  to  GaAs  bairier 


r-'ig.l  Integral  PL  intensity  (■)  and  curieni 
den.sity  (•)  versus  lateral  electric  Held  for  X 
nm  quanlum  wells  iMo^Gay  sAs/GaAs 
heterostriictures. 
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layers  while  the  PL  spectrum  remaitis  practically  the  same.  The  escaped  from  quantum  wells 
holes  can  recombine  only  with  the  electrons  in  GaAs  but  this  emission  is  undetectable  because 

of  barrier  and  cap-layer  absorption. 

In  heterostructures  with  narrow  and  shallow  quantum  wells  (x  «  0.1,  dmoa^j  »  5  nm)  the 
energy  position  of  the  first  heavy  holes  level  in  quantum  well  is  higher  than  that  of  acceptor 
level  in  the  barrier  and  at  zero  electric  field  holes  are  frozen  at  impurities.  I(V)  characteristics 
for  these  heterostructures  exhibit  sharp  current  increase  at  electric  field  of  the  order  of  0.6 
kV/cm  due  to  impact  ionisation  of  the  acceptors  [1].  Integral  PL  intensity  in  such 
heterostructures  is  nearly  constant  up  to  the  acceptor  breakdown,  then  it  rapidly  falls  down  2  -r 
3  times  and  decreases  slowly  afterwards  with  electric  field  increase  (Fig.2). 


Fig.2  Integral  PL  intensity  {■)  and  current  Fig.3  PL  peak  location  versus  lateral  electric 

density  (•)  versus  lateral  electric  field  for  5  field  for  5  nm  quantum  wells 

nm  quantum  wells  Ino  iGao.QAs/GaAs  Ino|Gao.9As/GaAs  heterostructures, 

heterostructures. 

Defore  acceptor  breakdown  PL  corresponds  to  the  optical  transitions  from  electron 
subband  in  quantum  well  to  acceptor  level  in  GaAs.  These  transitions  are  possible  because  the 
effective  depth  of  penetration  of  electron  wave  function  from  quantum  Wells  into  the  GaAs 
layers  is  approximately  equal  to  the  width  of  the  spacer  between  heterojunction  and  6-layer 
(also  note  tliat  the  concentration  of  acceptors  is  much  greater  than  that  of  photoexcited  holes.). 
Tlie  breakdown  results  in  the  hole  transfer  from  acceptors  to  quantum  wells.  Under  these 
conditions  PL  is  mainly  a.ssociated  with  the  electron  transitions  between  electron  and  heavy 
holes  subbands  in  quantum  wells.  A  remarkable  high-energy  shift  (about  3^5  meV)  of  PL 
peak  is  clearly  observed  '.a  the  fields  corresponding  to  the  breakdown  (Fig.3).  However  under 
breakdown  condition  the  electric  field  values  are  high  enough  for  real  space  transfer;  so  the 
main  part  of  holes  escapes  from  quantum  w'elis  to  GaAs.  This  can  explain  the  decrease  of  PL 
intensity.  With  frirther  increase  of  the  electric  field  the  holes  are  quickly  withdrawn  from  the 
quantum  wells  to  the  barriers  where  their  PL  is  undetectable.  Some  of  them  are  captured  in  6  - 
layers  thus  providing  the  main  })art  of  the  PL  signal  that  results  in  the  reverse  shift  of  the  PL 
peak. 
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PL  peak  half-widths  in  all  investigated  heterostnictures  proved  to  be  very  large  (15  20 

meV).  We  suppose  this  is  connected  with  the  fluctuation  of  In  composition  in  the  excitation 
spot. 

Thus  PL  in  high  lateral  electric  fields  is  shown  to  be  a  sensitive  tool  to  probe  hot  carrier 
distributions  and  behaviour  under  real  space  transfer. 

The  work  was  supporisd  in  part  by  Grants  #  97-02-16311  from  Russian  Foundation  for 
Basic  Research,  #  1-064/3  from  Russian  Scientific  Program  "Physics  of  Solid  State 
Nanostructures",  tlie  State  Science  and  Technology  Program  “Physics  of  Quantiun  and  Wave 
Processes”  (subprogram  “Fundamental  Specti’oscopy”,  Project  7.8)  and  #  094-842  from 
INTAS. 
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Abstract 

W'’  have  theoretically  studied  second  harmonic  generation  (SHG) 
and  phase  matching  conditions  in  a  generic  semiconductor  quantuni 
wrirc  biased  with  a  magnetic  field.  A  strong  secondr.harmonic  compo¬ 
nent  of  the  dielectric  susceptibility  arises  from  theldipoles  associated 
with  transitions  between  three  lowest  magneto-electric  subbands  in 
the  conduction  band.  Simultaneous  action  of  a  symmetric  electro¬ 
static  potential  (band-gap  discontinuity)  and  an  external  niagnetic 
field  leads  to  the  breaking  of  inversion  symmetry  without  tilting  the 
potential  barriers  thus  preventing  carrier  escape.  , 

It  is  w'ell-kiiow'ti  that  non-vanishing  second-order  susceptibilities,  cslh 
be  obtained  in  semiconductor  structures  only  if  the  inversion  s^mmeiry  of 
the  conduction-band  potential  is  broken  either  by  an  external  electric  field 
or  by  the  intentional  growth  of  an  asymmetric  well.  Obviously,  the  former  is 
the  preferred  method*  .since  an  electric  field  can  be  continuously  vai'ied  which 
allows,  one  to  tune  the  degree  of  symmetry-breaking  and  the  magnitude  of 
However,  tli..-;  method  has  a  practical  shortcoming.  An  electric  field 
tilts  the  potential  barrier.s  of  the  we!!  thereby  allowing  Curriers  to  escape  by 
tunneling  or  thermionic  emission. 

'The  Jiiiihor  is  on  iravo  from  thn  Moscow  Institute  of  Physics  and  Technology,  Russia. 
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Hero,  we  propose  magnetostatic  biasing  to  overcome  this  shortcoming.  Tt 
will  be  shown  that  a  magnetic  field  can  break  inversion  .symmetry  without 
.  tilting  potential  barriers  and  promoting  carrier  escape.  A  transver.se  mag¬ 
netic  field  applied  to  a  quantum  wire  exerts  a  Lorentz  force  on  an  electron 
moving  along  the  wire.  As  a  result,  its  wave  function  (in  any  subband)  will 
be  skewed  towards  one  edge  of  the  wire.  This  .skewing  does  not  tilt  poten¬ 
tial  barriers  to  first  order.  However,  it  effectively  breaks  inversion  symmetry 
since  it  causes  a  net  charge  to  accumulate  at  either  edge  of  the  wire.  This 
leads  to  a  non-vanishing  even-order  susceptibility  in  a  symmetric  structure. 
The  skewing  has  another  subtle  effect.  The  degree  to  which  the  wave  func¬ 
tion  is  skewed  is  diffcreni  in  different  subba7ids  since  an  electron  has  different 
kinetic  energies  and  hence  experiences  different  Lorentz.  forces  in  different 
subbands.  As  a  result,  transitions  between  subbands  whose  wave  functions 
have  the  same  parity  -  which  are  forbidden  without  a  magnetic  field  -  are 
now  allowed  since  the  parities  are  altered  by  different  amounts  in  different 
subbands  by  the  different  degrees  of  skewing.  We  should  point  out  that 
this  effect  has  similarity  v/ith  the  quantum  confined  Lorentz  effect  (QCLE) 
previously  examined  by  Balandin  and  Bandyopadhyay  ^  in  the  context  of 
interband  transitions  between  conduction  and  valence  band  states. 

We  consider  a  generic  GaAs  quantum  wire  with  a  magnetic  field  applied 
perpendicular  to  tl)e  wire  axis.  The  wire  is  approximately  150A  wide.  In 
order  to  evaluate  the  magnitude  and  dependence  of  the  second  harmonic 
generation  (SHG)  on  the  biasing  field  and  wire  geometry,  we  calculate  the 
second  order  susceptibility  using  regular  perturbative  approach  with  empir¬ 
ical  broadening  parameters.  The  dipole  elements  IT'i  for  first  three 

magneto-electric  subbands  are  found  within  the  framework  of  the  electric 
dipole  and  envelope  function  approximations. 

Fig.  1  presents  the  dipole  moments  for  the  lowe,st  intraband  tran3ition.s  a,s 
a  function  of  magnetic  flux  density.  At  zero  magnetic  field,  a  non-vauishing 
dipole  matrix  element  occurs  only  for  transitions  between  states  of  opposite 
parity  (el-e2,  e2-e-3).  Transition  dipole  dgs-ej  has  obvious  non-rnonotonic 
behavior  on  a  magnetic  field.  This  transition  is  forbidden  at  zero  field  since 
the  wave  functions  of  the  first  and  third  subband  have  the  same  j'-arity.  At 
low  and  moderate  magnetic  fields,  Mie  parities  are  altered  by  the  skewing 
of  the  wa\’efunclions  and  consequently  is  no  longer  zero  but  in<Tea.se.s 
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Figure  1:  The  dipoles  of  three  inter-subband  transitions  as  functions  of  the 
applied  magnetic  field. 

with  the  magnetic  field.  The  decrease  at  higher  magnetic  fields  is  related  to 
the  onset  of  Landau  cx)ndensation:  the  traversing  states  (“skipping  orbits") 
condense  into  closed  cyclotron  orbits  (Landau  levels)  which  are  no  longer 
skewed  by  the  magnetic  field  to  the  wire  edge  since  they  have  no  translational 
velocity  atid  hence  no  Lorentz  force. 

In  Fig.  2,  we  show  an  absolute  values  of  as  a  function  of  photon  energy 
for  two  different  values  of  the  magnetic  field.  In  our  numerical  calculations  we 
have  used  N=  1  10'"^  cm'^.  Both  susceptibility  curves  have  pronoun^ced  p^'aks 
which  correspond  to  magneto-electric  subband  transitions.  The  peak  ve'ue  of 
the  second  order  susceptibility  is  =  \4.5A/V  for  1  tesla  field  (left  panel;; 
ftiKl  AXIAIV  for  .3  tesla  (right  panel).  The  value  of  susceptibility 

increases  strongly  with  the  wire  width  up  to  ISOOA/V  at  500  —  1000^1  wide 
wires.  Although  the  operation  frequencies  are  no  longer  in  the  infrared  range 
for  the.se  wire  dimensions.  This  shows  that  relatively  weak  magnetic  fields 
in  quantum  wires  can  produce  similar  magnitudes  of  x^^^  rather  strong 
elect ri<  fields  in  quantum  wells. 

We  liave  also  calculated  the  absorption  over  the  whole  frcqtiency  range  of 
iub'irst.  At  resonance  fretiuencies  72  meV  and  124  meV  the  absorption  coef- 
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Figure  2:  Second  order  susceptibility  as  a  function  of  the  photon  energy  for 
two  values  of  the  biasing  magnetic  field.  The  left  panel  corresponds  to  a 
magnetic  flux  density  B=1  tesla,  the  right  panel  to  B=3  tesla. 

ficient  a  =  1.5  10“*  cm"^  and  a  =  4.5  lO'*  cm“’,  respectively.  The  absorption 
coefficient  at  twice  the  frequency  is  much  less.  This  implies  that  the  large 
portion  of  the  pump  energy  will  be  absorbed,  by  the  structure  and  converted 
into  second  harmonic  for  which  the  structure  is  effectively  transparent. 

Another  important  factor  for  efficient  second  harmonic  generation  is  the 
phase  matching.  Since  the  refractive  index  n(u;)  of  the  most  materials  is 
frequency  dependent,  the  following  inequality  holds  n(u;)  ^  n{2u;).  We  will 
show  that  using  a  magnetic  field  as  an  additional  degree  of  freedom,  it  is 
possible  tc  adjust  n(u;)  so  that  at  some  frequencies  the  following  hold.s  simiii- 
taneously:  w  n{‘2io)  and  0(0?)  >>  a{2w). 
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We  consider  the  possibility  of  the  direct  effective  transformation  of  a  vicleopulse  into  a 
radiopulse  with  filling  frequency  of  the  order  of  100  GHz  in  multilayer  heterostructures  (MLHS)_ 
with  nanolayers  where  the  redistribution  of  carriers  under  strong  applied  field  occurs  during  the 
time  of  the  order  of  10“'^  -i-  i  0“’  ’  sec. 

Mechanism  of  the  generation  of  the  high-frequency  oscillations  is  connected  with  the 
electromagnetic  shock  wave  (EMSW)  front  instability  to  the  longest  period  wave  running  in 
syncluonism  with  this  front  [1].  The  process  of  generation  being  qualitatively  discussed  the 
EMSW  front  in  some  sense  can  be  considered  as  a  traveling  with  velocity  v,  source  of  radiation 
leaving  behind  an  increasing  “wake”  in  the  form  of  electromagnetic  oscillations  running  out  of  it 
with  a  relative  velocity  determined  by  the  differences  between  phase  =  y,  and  group  velocity 

(v,  -  v^,).  It  is  obvious  from  this  consideration  that  the  evolution  of  the  “wake”  of  oscillations 
behind  the  EMSW  front  (radiopulse  envelope)  is  determined'by  its  elongation  proportional  to 
the  distance  covered  by  the  EMSW  front  on  NLTL,  dispersive  spreading,  attenuation  because  of 
dissipation  and  nonlinear  distortion.' 

The  results  of  computer  modeling  of  the  transient  processes  arising  in  the  course  of 
EMSW  formation  on  the  NLTL  with  spatial  dispersion  and  MLHS  with  nanolayers  as  nonlinear 
capacitors  are  presented.  Evolution  of  the  EMSW  structure  (excitation  of  the 
quasimonochromatic  oscillations  behind  the  ESMW  front)  and  its  spectrum  on  NLTL  on  the 
basis  of  MLHS  characterized  by  either  hysteretic  (asymmetric  MLHS)  or  single-valued 
functional  (symmetric  MLHS)  capacitance-voltage  characteristics  is  investigated.  The 
requirements  on  MLHS  and  dispersion  characteristics  relevant  for  effective  generation  by 
EMSW  of  radiopulses  with  a  high  filling  frequency  and  a  relatively  narrow  spectrum  are 
discussed. 

ML.HS-based  NLTL  for  generation  in  the  millimeter  wave  region  can  be  realized  in  a 
planar  form  as  a  strip  line  whose  dispersion  characteristics  can  be  controlled  by  the  sha^  e  of  the 
conducting  metal  plates.  A  design  of  such  NLTL  is  shown  in  Fig.  1  a  and  its  equivalent  circuit 
diagram  represented  by  a  IC-circuit  with  capacitance  cross  links  precisely  describe  its 
dispersion  cliaracteristics.  The  advantages  of  the  NLTL  with  such  a  circuit  diagram  are  the  ease 
of  dispersion  control  by  means  of  variation  of  only  one  pai-ameter  (cross  link  capacitor)  and  the 
pos.siiiility  to  realize  weak  dispersion  of  the  group  velocity  near  the  given  frequency.  It  is  the 
variant  that  has  been  used  in  the  computer  modeling. 

The  nonlinear  cun  ent  in  symmetric  (of  the  type  considered  in  [2.3],  see  also  Fig.  1  c)  and 
asymnretric  (4]  MLHS  (Fig.  1  h)  is  characterized  by  the  capacitance  ratio  and 

capacitance  samration  voltage  i/.. 

In  file  case  of  the  hysteretic  nonlinearity  (results  of  the  computer  modeling  con  esponding 
to  tilt  synchronism  in  the  minimum  of  the  group  velocity  are  presented  in  Fig.  2)  the  nonlinear 
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Fig.  1 :  a)  Layout  of  the  NLTL  on  the  basis  of  MLHS 

b)  Conduction  band  profile  of  asymmetric  MLHS 

c)  Conduction  band  profile  of  symmetric  MLHS 

medium  behind  the  EMSW  front  saturates  and  arising  oscillations  propagate  behind  the  front  as 
in  a  linear  medium,  without  distortion.  In  doing  so  the  oscillations  are  generated  strictly  at  the 
synchronous  frequency  and  their  spectral  width  is  determined  by  the  radiopulse  widtli.  The  shape 
of  the  envelope  depen^l  s  significantly  on  the  local  behavior  of  tire  group  velocity  in  the  generated 
frequency  range.  The  dispersive  spreading  is  minimal  and  the  shape  of  Uie  radiopulse  envelope 
is  close  to  a  rectangular  when  the  synchronism  Vp(fi))  =  v,  corresponds  to  the  minimum  of  the 
group  velocity  Tlrus  the  radiopulse  droop  comparatively  fast  takes  stationary  shape  and 

its  duration  can  be  about  4-5  periods  of  generated  oscillations.  ITie  radiopulse  duration  grows 
with  distance  because  of  the  generation  of  oscillations  of  nearly  the  same  amplitude. 

The  amplitude  of  oscillations  behind  the  EMSW  front  is  close  to  the  magnitude  of 
voltage  of  EMSW  (m,).  As  the  results  of  the  computer  modeling  show  the  depth  of  modulation 
in  the  EMSW  structure  depends  on  the  parameters  of  nonlinear  capacitance.  Thus  it  grows  with 
the  increase  of  the  capacitance  ratio  and  approaches  100  %  for  the  capaciuuice  ratio 

of  7-^8,  i.e.,  the  transformation  of  the  videopiilse  into  radiopulse  is  effective  (the  considerable 
part  of  the  videopulse  energy  transfonns  into  the  energy  of  the  high-frequency  oscillations). 

The  radiopulse  filling  frequency  can  be  tuned  easily  in  a  wide  range  both  by  variation  of 
the  bias  voltage  and  by  variation  of  the  EMSW  magnitude. 

In  the  case  of  the  transmission  line  whose  nonlinear  components  are  described  by  the 
single-valued  function  (symmetric  MLHS)  the  propagation  of  perturbations  behind  the  I'MSVV 
front  takes  place  in  a  nonlinear  medium  =The  typical  re.sn!ts  of  the  computer  modeling  for  the 
considered  case  are  given  in  Fig.  3.  The  characteristic  frequency  of  oscillations  in  the  liMSW 
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Fig.  2:  Voltage  waveforms  at  100,  150, 250  and  400  sections  (a)  and  spectra  of  the  waveforms 
at  100,  150  and  400  sections  (6)  of  nonlinear  transmission  line  witli  nonlinear  components  on 
the  basis  of  asymmetric  K4LHS. 


100  150  250  400 


Fig.  3;  Volts^^e  waveforms  at  100,  150,  250  and  400  sections  (a)  and  spectra  of  the  wavefonns 
at  100.  )  50  and  400  sections  (h)  of  nonlinear  transmission  line  with  nonlinear  components  on 
the  basis  of  symmetric  MI.HS. 
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front  takes  place  as  in  a  nonlinear  medium  .The  typical  results  of  the  computer  modeling  for  the 
considered  case  are  given  in  Fig.  3.  The  characteristic  frequency  of  oscillations  in  the  EMSW 
structure  is  determined  by  the  synchronous  frequency.  However,  in  general,  the  generated 
radiopulse  represents  itself  the  frequei^cy-modulated  signal  and  the  shape  of  oscillations  is  far 
from  sinusoidal  because  the  propagation  behind  the  EMSW  takes  place  in  a  nonlinear  medium. 
This  results  in  the  spectral  content  of  the  generated  radiopulse  which  in  contrast  to  the  hystereiic 
nonlinearity  is  wider  and  has  more  complicated  structure.  Ft  is  obvious  that  the  higher  the 
relative  amplitude  of  oscillations  (w^/w,)  and  Ae  higher  the  nonlinearity  saturation  voltage,  i.e., 

-M,,  the  stronger  the  nonlinear  processes  manifest  themselves  in  the  spectrum  of  the 
nonstationary  EMSW.  It  is  found  that  to  get  the  generation  of  the  radiopulse  with 
monochromatic  filling  and  shape  of  the  envelope  close  to  rectangular  the  relative  variation  of  the 
group  velocity  in  the  range  of  the  generated  radiopulse  spectrum  should  be  small  and  the 
nonlinearity  behind  the  front  should  be  weak  (it  is  possible  when  the  capacitance  ratio  is  large 
and  the  saturation  voltage  is  small  in  compare  with  EMSW  voltage  magnitude). 

The  generation  of  the  radiopulse  with  quasihomogeneous  in  the  wide  frequency  range 
spectntm  is  also  possible  at  certain  conditions. 

This  work  was  made  possible  under  the  grant  from  Russian  Foundation  for  Basic 
Research  (project  N  96-02-19284). 
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Infrared  Emission  from  the  Interface  ^nd  Magn^-toiransport  in  tj^pe  II  Broken- 
gap  p-GalnAsSb/p-InAs  Heierojunction 

M.P.Mikhailova,  N.L.Bazhenov,  V.A.  Berczovets,  A.V.Chernjaev,  V.I.Ivanov-Omskii, 
K.D.Moiseev, ,  R.V.Parfeniev,  V.A.Snjfmov,  Yu.P.Yakovlev. 

A.F.Ioffe  Physical-Technical  Institute  RAS,  St  Petersburg  194021,  Russia 

Recently,  intensive  electrolurainesceuce  (EL)  on  the  type-II  p-GalnAsSb/p-InAs 
single  heterojunclion  has  been  observed  and  studied  at  T=77  K  [1,2].  Two  narrow 
luminescence  peaks  were  observed  in  the  spectral  range  of  X=3-4  jim  with  full  width  at 
half  maximum  about  10-20  meV.  It  was  found  that  unusual  EL  is  due  to  indirect  (tunnel) 
radiative  f€combination  of  spatially  separated  electrons  and  holes  localised  in  deep 
adjacent  quantum  w^Us  at  different  sides  of  the  interface.  In  the  present  work  we  continue 
studying  the  nature  of  this  EL  in  more  detail.  Magnetoresistance  and  Hall  coeftlcicnt 
under  high  magnetic  fields  at  helium  temperatures  were  also  studied  in  order  to  confirm 
the  existence  of  2D  earners  near  the  heterojunction  interface. 

Single  GalnAsSbfinAs  heterojunctions  were  fabricated  using  LPE  technique  on 
p-lnAs  (100)  substrates  doped  with  7n  up  to  the  carrier  coucentratior  SxlOi®  cm-^  The 
wirie-gap  quaternary  Gai-xInxAsySbj-y  layer  (x=0.17,  y=0.22)  was  lattice-  matched  with 
the  5abs**-ate  (Aa/  a=2>  10^).  This  layer  was  also  Zn-doped  (p^lO***  cm*^).  Th^s  energy  gap 
of  the  quaternary  layer  (Eg=0.630  eV)  at  T=77  K  was  deterraioed  by  photolurainescence 
and  photoconductivity  measurements. 

Tb"  EL  spectrum  included  two  band  (band  A  -  311  meV,  and  band  B  -  384  meV) 
at  T-77K  (figure  i).  As  the  temperature  decrca.scd,  band  A  narrowed  and  shifted  slightly 
towards  high'--  energy  (3l4  meV  at  T=4.2K),  Band  B  split  into  two  subbands  with 
ener^'ss  of  371  meV  (Bi)  and  400  meV  (B2).  The  intensity  of  band  B2  strongly  increased 
as  temperature  w^as  decreased.  The  shape  of  this  band  was  analysed  and  shown  to  be 
Gaussian  under  “forward  bi  ”  (positive  potential  on  InAs),  but  under  the  reverse  bias 
the  Icngv/ave  edge  of  the  band  was  inhomogeniousiy  broadened.  T  he  intensity  Of  band  B2 
was  shown  to  osciiiate  under  magnetic  field  of  up  to  4.6  T.  The  energy  position  of  this 
band  and  its  tempe.*-atiire  Owpendcnra  allowed  us  to  attribute  this  band  to  band-to- 
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acceptor  transition  in  InAs.  The  position  and  shape  of  two  other  bands  (A  and  Bi) 
;'€-emed  not  to  depend  on  the  polanly  of  the  applied  voltage.  Moreover,  time-resolved 
spectroscopy  showed  that  their  position  does  not  change  even  within  12  ps  after  switchiog 
off  the  current  through  the  hcterojunctiou.  This  fact  tadicates  that  these  bands  can  be 
ascribed  to  transitions  of  2D-electrons  localised  in  the  quantum  well  at  the  luAs-side  of 
the  interface. 


0.»  058  0.*0 
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Figure  1.  EL  ...ectra  under  “reverse  bias”  at  T=4.2JC  (I>,  15K  (2),  77K  (3),  lOOK  (4). 


In  oicier  to  check  whether  2D  carriers  can  be  observed  in  some  independent  experiment, 
the  quantum  oscillations  of  magnetoresistance  and  Hall  coefficient  have  been  measured 
at  helium  temperature  in  magnetic  fields  up  to  9  T.  The  oscillating  components  were 
extracted  using  computer  simulation.  Figiire  2  shows  the  results  of  this  processing  for  the 
Hall  coefficient  and  magnetoresistance.  The  oscillation  picture  was  complicated  and 
comprised  three  oscillating  functions  which  was  confirmed  by  Fourier  analy.sis.  The  three 
oscillation  periods  indicated  existence  of  several  types  of  carriers  in  the  heterostructure. 
For  identification  of  2D  carriers  we  studied  the  dependence  of  these  oscillations  on 
angulai  orientation  of  the  sample  in  magnetic  field. 

Figure  3  shows  the  Hall  voltage  as  a  function  of  the  magnetic  field  B  at  different  angles  0) 
between  B  and  the  normal  to  the  surface.  The  Hall  voltage  in  low  magnetic  fields  {B 
<0.5T)  was  proportional  to  B  and  decreased  with  increasing  the  angle  (-'CosO)).  At  higher 
B  and  j=0,  the  Hall  signal  remained  nearly  constant  with  varying  the  field;  however, 
there  was  no  such  saturation  region  at  j=60'  -  We  attributed  this  phenomena  to  the  effect 
of  heavy  holes  on  the  Hall  coefficient  when  the  sample  was  rotated.  Broken  lines 
demonstrate  the  shift  of  the  oscillation  minima  with  variation  of  j.  This  evolution  of  the 
SdH  picture  corresponds  to  the  two-dimensional  electron  system  of  the  heterostructure. 
The  oscillation  period  was  found  to  be  5“0.04I7  T“^.  Therefore,  the  electron 
concentration  can  be  estimated  as  n=6xl0“  orn-^  if  one  disregards  spin  and  valley 
degeneration.. 

Thus,  the  results  of  FX  study  as  well  as  the  raagnetotransport  data  obtained  testify 
that  2D-carriers  localised  at  the  interface  of  p-Ga)  nA.^b/p-InAs  heterojunction 
par+.cipatc  in  radiative  resorabination  processes. 

The  work  was  supported  by  the  International  As-sociation  (INTAS),  grant  94-789, 
as  well  as  by  the  Russian  Foundation  lor  Basic  Research,  grant  No  96-02-I7841-a  and  the 
Program  “Physics  of  Solid-State  nanostructures”. 
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The  electric  field  being  applied  to  crystal  results  in  a  number  of  physical  phenoinena  known 
under  a  common  name  of  the  Wannier-Stark  localization  (WSL).  It  should  be  noted  that  the 
theoretical  problem  of  WSL  is  not  finally  solved  and  remains  as  a  subject  of  discussions.  Herewith 
tlie  interest  in  the  problem  from  the  both  fundameiual  and  applied  points  of  view  is  very  substantial. 

The  results  presented  in  this  paper  are  different,  but  they  are  reflection  the  .same  phenomenon 
namely  WSL  in  minizone  spectrum  conditions.  In  particular  we  will  discuss  •npact  ionizadon 
specificity,  the  different  I-V  chju-acteristics  of  silicon  carbide  polytypes  in  WSL  regime  and  the 
saturated  drift  velocities  in  polytypes  with  different  superstructure  parameters,  at  the  electric  field 
directed  alone  the  crystal  axis  or  the  superlattice  (SL)  axis,  F  [|  C\ 

Earlier  in  our  articles  [1,  2]  th^  results  were  presented  which  allowed  to  suppose  that  impact 
ionization  at  F  \\  C  v/as  characterised  by  the  practical  absence  of  the  electron  component.  But 
spicifical  experimental  difficult!  >s  did  not  allow  to  prove  this  supposition  by  direct  observation 
of  the  electron  impact  ionization  process  because  the  conditions  of  pure  electron  excitation  could 
not  be  provide  at  that  time.  The  study  of  current-field  characteristics  of  SiC  for  fields  higher 
than  10*  '‘'./cm  is  a  complicated  pr-?blem  because  of  the  high  electronic  injection  and  high  cuirent 
density.  Besides  the  electrov'ic  component Cff  ^gurrent  should  be  separated  from  the  hole  component 
since  the  latter  do  not  exhibit  the  behaviour  inherent  for  WSL  [I],  All  these  problems  have  been 
solved  after  the  development  of  special  tree  terminal  experimental  structure  allowing  to  control 
tlie  current  injected  independent!}'  of  the  electric  field  and  to  malce  an  electric  fifM  in  the  sample 
uniform  [3]. 

Besides  this  experimental  structure  is  available  for  investigation  of  impact  ionization  .specificity 
because  it  allows  to  realize  the  impact  ionization 'e;tcitation  by  pure  electron  current.  In  this  case 
a  pulse  and  a  direct  voltage  was  applied  to  the  emitter  and  collector  of  the  structure.  Tho  ?lif'ot 
voltage  provide  an  electron  injection  from  emitter  and  a  higir  field  in  collector  and  pulse  voltage 
provide  a  transport  of  electrons  through  a  base  in  co.Mecior.  An  increase  of  pulse  cuirent  was  at 
increase  of  direct  voltage.  Thrso  changes  of  the  pulse  current  can  be  caused  by  both  the  change  of 
the  injection  level  and  impact  ionization  in  -.'ollector  region.  Tire  monotonous  character  of  the.se 
changes  which  presented  in  Fig.  1  says  that  it  is  evident  indiueed  by  first  reason  because  the  in ipacr. 
ionization  is  chru'actenzed  by  much  sharper  current  increase.  Besides  the  peculiarities  witli  NDC 
which  arise  on  I-F  characteristics  at  more  strong  fields  are  the  results  of  electro-phonon  resonances 
in  Wannier-Stark  ladder  regime  [4].  ft  is  the  main  evidence  that  electron  component  of  impact 
ionization  is  not  observed  to  the  fields  almo.st  500U  kV/cm. 
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These  data  are  the  evidence  of  assumption,  which  is  noted  above  about  Ae  absence  of  electron 
component  of  impact  ionization  to  some  values  of  the  electric  fields.  This  phenomenon  can  ^ 
explained  by  suppression  of  an  electron  heating  in  electron'Tninizone  theoretically  described  tn  [5].  , 

In  flight  region  of  experimental  stmeture,  where  electric  field  was  unifor?^^?,  I  -F  charactenstics 

of  dilrerent  polytypes  was  investigated  in  strong  electric  field.  .  .  j 

The  most  extraordinary  feature  of  these  characteristics  is  the  NDC  region  (Fig.  2)  associated  | 
with  a  some  threshold  field  Ft  specific  for  every  poly  type.  For  4H,  6H  and  8H  tl. .  Ft  values  are 

29  X  10^  V/cm,  1.5  X  10*  V/cm  and  1.1  X  10^  V/cm  respectively.  , 

For  the  treatment  of  these  results  in  terms  of  WSL  the  parameters  included  in  Esaky-Tsu 
entermn  Ft  >  hhdr  should  be  obtained.  The  superlattice  constants  d  for  the  three  poiytypes 
are  5  A  for  AH,  7.5  A  for  6H  and  10  A  for  8H  (Fig.  lb).  Taking  into  account  the  similarity  of  • 
electrophysical  properties  of  the  three  polytypes  and  considering  the  scattering  tiine  r  for  tliem 
as  appioximately  the  same  c.c  can  conclude  that  there  is  a  qualitative  agreement  between  the 
tlireshold  fields  obtained  for  the  three  polytypes  ahd  one  determined  by  the  criteria  .  In  other 
words  ti.o  Esaky-l  su  criterion  of  NDC  associated  with  the  Bloch  oscillations  correlates  well  with 
obtained  experimentally  for  superlatticcs  with  periods  substantial!)'  different. 

The  reason.s  mentioned  abov^  allows  us  to  interpret  the  NDC  obtained  in  the  framewoik  of 
WSL,.  However  for  the  more  accurate  treatment  of  data  the  .scattering  time  a  strong  electric 
field  should  be  deten-nineci  experimentally  for  the  three  polyt^TW.  Fortunately  the  expenmentai 
method  used  for  the  study  allows  to  obtain  the  t  value  by  the  analysis  of  tne  same  cuirent-field 

characteristic  j 

The  idea  is  the  following.  The  electronic  transport  in  the  experimental  structure  used  lor  tne 
measurements  is  determined* by  the  transit-time  mechanism,  and  the  appropriate  theory  iS  suitable 
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Fig  2. 


for  such  a  case.  Ir  is  known  that  the  current-held  characteristic  inherent  for  the  transit-time 
conduction  mechanism  includes  the  region  of  the  linear  characteristic  associated  with  the  space 
charge  limited  current.  This  region  is  observed  when  the  concentration  of  the  c  Tiers  injected  is 
as  large  as  an  ionized  impurity  concentration  in  the  base.,  It  is  easy  to  show  that  the  drift  velocity 
is  determined  by  the  characteristic  tilt  tangent 

0) 

Here  j,  c,,  v^,  V,  w  are  the  current  density,  the  dielectric  constant  of  semiconductor,  the  saturated 
drift  velocity,  the  voltage  applied  to  the  base,  and  the  base  width  rtipectively. 

The  feature  of  the  experimental  structure  used  for  the  study  is  an  ionized  impurity  concentration 
so  low  that  the  space  charge  limitation  of  the  cuir-eiat  becomes  at  low  cunent  density  when  the 
electric  fadd  is  insufficient  for  the  carriers  velocity  satmation.  Since  velocity  in  such  a  case 
depends  on  the  field  as  v  =  fV  (here  fi  is  th&  elecu-on  mobility)  the  resulting  law  determining  the 
current-field  characteristic  is  run  as  follows; 

j  (2) 

Thus  the  current-field  chaiacteristic  of  the  experimental  structure  (Fig.  2)  includes  the  following 
regions:  the  region  with  j  ~  connected  wdth  tfie  space  charge  limitation  of  the  current  injected 
(3)  and  tlie  region  with  j  ~  V  associated  with  electronic  velocity  saturation  (2).  Then  on  reaching 
the  threshold  electric  field  value  the  NDC  associated  with  the  B’och  oscillations  arises.  "nAse 
regions  are  identified  clearly  in  the  experimental  current-field  (.current-voltage)  characteristics  of 
the  three  polytypes  involved  into  the  smdy. 

The  electrophysical  paranicters  such  important  as  a  high  field  mobility  and  saturated  velocity 
are  of  great  self-sufficient  interest  but  in  this  iiudy  they  are  u-^ed  for  the  calculation  of  the  scattering 
time  which  can  be  c^.pressed  as  r  =  rtifije.  Vaiuec^  of  high-tield  mobdtity  /*■  obtained  by  the 
processing  of  the  characteristic  region  with  j  ~  was  found  to  be  3.1  cmV*'s.  4.5  *;ni“/v  .s  and 
6.4  cm^A^s  for  polytypes  8H,  6H  and  4H  respectively.  The  masses  along  the  superlatticc  axis  at 
such  a  strong  field  can  be  obtained  with  the  formt  'a; 

u.,  =  (8/.y37rm)'/2  O) 
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where  the  saturation  velocity  can  be  extracted  from  the  region  will  j  ~  V  and  the  longitudinal 
optical  phonon  energy  Bp  is  taken  to  be  as  high  as  100  meV, 

The  experimental  csults  processed  this  way  lead  to  tbe  following  scattering  time  values: 
1.75  X  l0->^  sfoi  8H,  2.05  X  10-'3  for  6H  and  1.1  x  10-''^f(M  4H.  The  fault  oft  caleulation  related 
tc  variation  of  the  base  width  is  suppo.sed  to  be  about  20%  or  smaller.  Considering  these  results 
one  can  conclude  that  the  both  experimentally  measured  parameters  Ft  and  r  meet  the  Esaky-Tsu 
criterion. 

To  sumiiiarise  it  should  be  noted  that  the  negative  difrerential  conductance  was  observed  in  a 
three  superlattices  possessing  siirJlar  electfophysical  properties  but  differeutperiods.  The  threshold 
fields  of  NDC  arise  correlate  well  with  the  criterion  of  conductivity  in  the  Bloch  oscillations  regime. 
The  difference  between  these  threshold  field  values  is  in  good  agreementwith  the  difference  of  the 
superlattice  constants. 

The  series  of  papers  [3-4, 6]  is  a  first  study  of  WSL  carried  out  with  a  new  class  of  superstructure 
objects  —  natural  supcrlattices  of  a  hexagonal  silicon  carbide  polytypes.  The  data  obtained  one 
can  consider  as  both  a  serious  experimental  contribution  to  the  probleiti  of  WSL  and  as  a  result 
very  promising  for  superhigh  frequency  devices  design. 

From  the  analysis  of  linear  region  of  I— V  characteristics,  which  have  been  described  by  Eq.  (1) 
the  value,  of  saturated  electron  drift  velocitiv;.,  for  4H-,  6H-,  8H-  and  21R-SiC  were  obtained  which 
are  approximately  equal  to  3.3  x  10^  2  x  i0^  10®  and  4.4  x  10^  cm/sec  correspondingly.  The 
low  values  uf  velocities, v/hich  are  significantly  less  than  well  known  value  w,  =  2  x  10  'cm/sec 
for  F  ±  C  [7]  pay  attention  itself.  But  these  values  qualitatively  correspond  to  the  analogical 
results  for  artificial  SLs  in  which  localization  is  intrinsic  property  of  these  objects.  In  case  of 
SiC  polytypss,  the  velocity  decrease  is  connected  witih  aecrease  of  tihe  first- irvinizone  width  for  the 
noted  set  of  polytypes. 

Thus,  presented  results  are  the  convincing  evidence  of  minizone  structure  of  election  spectrum 

in  SIC  polytypes,  whi'^'h  is  necessary  condition  of  FIL.  existence.  \ 

Tne  partial  financial  support  of  Russian  Foundation  of  Fundamental  Research  and  Russian 
Science  Program  “Physics  of  Solid  State  Nanostructures”  is  gratefully  acknowledged. 
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Simpiesfc  structures  for  stimulated  photon  emission 
by  transitions  from  continuum  to  a  quasilevel 
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Inelastic  resonant  electron  transmission  through  semiconductor  triple-barrier  asymmetric 
structures  fl]  and  Stark  supej-lattices  [2]  has  recently  been  predicted  to  be  almosi  full  due  to 
plioloti-induced  transitions  between  two  or  more  quasilevels.  Tn  tliis  report  we  will  show  that 
analogus  strong  respon.se  to  irradiation  can  be  produced  by  Ibe  structure  in  which  electron 
tunneling  in  elastic  channel  is  absent  and  wbicli  possesses  only  one  (luasilevel.  Analytic 
solution  for  the  ti^nt^periodic  Schrbdinger  equation  with  potential  in  the  foTTn  of  a  sharp 
step  with  <5-weli  jdaced  at  the  higher  potential  side  gives  the  Breit-V/igner-lype  foiTTnila  for 
transmission  coefficient  with  emission  of  quantum  hu: 

T-l  - 

where  E  is  the  energy  of  the  electrons  incident  from  the  higher  potential  side,  Eq  and  Pc  the 
quasilevel  and  its  width  in  the  absence  of  hf  field,  ^£^0  and  P,-  the  shift  and  broadening  of  the 
<jnasi1evel  due  to  inelastic  decay,  P,-  being  proportional  to  the  square  of  hf  field  amplitude. 
Thus,  one  can  control  the  probability  of  inelastic  transitions  by  varyirig  frequency  fiw  ami 
irradiation  iTitensity.  When  P,-  =  P,,  the  inelastic  traTismission  coefncieTil ,  at  the  re.sonance 
E  =  Tiuj  -f  E^)  -f  SEi),  reaches  its  Tnaximum  T„i  —  Thiax-  Analytic  treatment  and  TiUTtierica! 
modeling  of  real  structures  show  that  can  be  close  to  uTiity  at  relatively  .small  aTnplitmles 
of  hf  fields. 

Such  configuration  can  be  made  of  an  n-Gao.65Alc.35As/Ga As/Gao.65Alo..35As/n-GaA.s 
structure  with  the  voltage  applied  to  its  doped  contacts  to  prevent  from  band  bending 
[Fig.  1(a)].  Alternating  voltage  is  provided  by  monochromatic  infri  red  irradiation  pobi- 
ized  along  the  growth  direction  of  the  structure.  Numerical  calculations  show  that  70%- 
transinission  with  emission  of  photons  oc^mrs  in  such  structure,  at  optimized  barrier  thick¬ 
ness,  fre<}uenc.y  and  amplifnde  of  the  liigli-freciuency  Reid. When  cold  electrons  of  enongy  F 
fall  orilo  ihe  (juanlnm  well  from  Ilie  higher  jxilential  side  of  ihe  sfniclure.  With  I  he  account 
of  elastic  cltannel  the  iransmission  becomes  almost  full  (95%)  whereas  it  is  small  (4%)  iji  llie 
absence  of  irradiation  [Figs.  1(b).  1(c)]. 

StackiTi^,  such  well-iTi-slep  condgnral ions  in  a  single  heterostructure  permit. s  of  making 
a  tunable  cascade-amplifier  of  irradiation,  and  in  this  case  inevitable  technological  non- 
iiniformities  of  the  cascade.s  and  deviating  positions  of  quasilevels  will  uot  impede  its  .ork- 
ability.  Indeed,  since  the  electron  motion  above  the  step  is  •.'‘lasslcally  allowed  the  energy  of 
incident  electron  and.  respectively,  the  frequency  of  the  hf  field  are  more  widely  variable  than 
in  resonant  photon-assisted  tunneling  through  two  quasilevels  Eu  and  Ey  of  an  asymmetric 
triple-barrier  structure  [1].  In  the  former  case  the  only  resonant  condition  E  ~  Eo  +  hu:  must 
hold  instead  of  two  conditions  in  the  latter  case:  E  =  Eo,  E\  =  £0  ~  ticu.  It  difTei-.s  advanta¬ 
geously  from  single-well  [3]  and  i..ulliple-well  [4]  cascades  in  which  ph  ‘:on  must  couple  the 
pairs  of  quasidiscrete  state.s. 

Due  to  detailed  balaiice.  an  analogou  p-i-n  .structure  v.'ith  an  bij-Gai-^.^.s  qtianium  wed 
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can  acl.  al  a  c<>rrf;.-.y)<)ii(liTig  (lireci  voltage,  as  an  dectron  |>un)t)  Tor  electrons  nicident  on  Uie 
T)o(erilial  slej)  froiri  n-GaAs  side  aTi<l  having  the  energy  of  L>ie  qnasilevel. 


Figure  1.  (a)  Tiure-averaged  probability  density  and  potential  of  the  structure  U{x). 
Elecirons  of  energy  E  ~  320  uieV  are  incident  irorn  the  left.  Switching  on  hf  field  [hui  — 
177.0  TTjeV.  ainplilv.de  S  -  h  Tt.V/nrn)  results  in  strong  increase  of  ttansTnissioTi.  (b)  Fre- 
<ineTi::y  dependence  of  elastic,  7i,.  inelastic,  T..^,  and  total  IransTTilssion  at  fixed  arrqditude 
e  -  .5  niV/iiTn.  (c)  TransTtnssion  at  re.soTiant  frequency  hu>  =  177-5  ineV  ver.sus  arnplilude 
of  hr  field.  .  b  :  . 

T  e  woriv  was  partly  ..upported  by  Russian  Foundation  fi)r  Basic  Researh,  Grant  No. 
90  02-1.060. 
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Absorption  of  infrared  radiation  caused  by  bound-to-bound  and 
bound-to-continuum  direct  transitiors  of  hot  carriers  in  simple 
rectangular  and  asymmetrical  coupled  multiple  quantum  wells. 

L.E.Vorobjev,  LE.Golub’,  E  A.Zibik,  I.E.Titkov,  D.A.Firsov,  V.A.Shalygin,  E.Towet 

St. Petersburg  State  Technical  University 
195251,  St.Petersburg,  Russia 
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The  first  results  of  investgations  of  infrared  (IR)  optical  transmission 
variation  due  to  carrier  heating  by  longitudinal  electrical  field  in  GaAs/AlGaAs 
multiple  quantum  well  (MQW]  structures  of  two  types  are  presented. 

1.  The  structures  of  first  type  contained  simple  rectt  ngular  GaAs  wells  with 
the  width  =  20  nm  and  Alo  sGao.sAs  barriers  with  the  width  =  10  nro.  The 
MOW  structures  vrere  grown  on  semiinsulating  substrate  by  gas-phase  epitaxy 
with  metalorganic  compounds  (MOCVD).  The  total  number  of  quantum  wells  was 
400.  The  middle  layer  of  each  barrier  was  doped  by  acceptors  such  that  the  surface 
hole  concentration  was  Ps  —  2- 10*^  cm'^  .  Hole  mobility  was  p  =  3200  cm^A^-s  at 
T  —  ^■^K.  The  depth  of  quantum  well  was  about  260  meV. 

The  main  goal  was  to  investigate  the  spectral  and  polarization  dependences 
of  IR  radiation  modulation  due  to  hole  heating  by  longitudinal  electric  field. 
Investigations  were  carried  out  in  multipass  waveguide  geometry  in  the  spectral 
region  X  =  4, ..9  |am.  In  this  region  both  bound-to-bound  and  bound-to-continuum 
t’-ansitions  are  possible.  (Transitions  are  shown  at  Fig.l).  Hole  heating  in 
longitudinal  electric  field  results  in  hole  redistribution  among  cubbands.  Thus,  the 
light  absoiption  is  changed  in  electric  field. 

The  equilibrium  spectra  of  TR  radiation  absoiption  were  investigated  at 
different  lattice  temperatures.  Optical  modulation  spectra  for  light  of  s-  and 
p-polarization  were  studied  at  different  values  of  electric  field.  The  comparison  of 
these  spectra  allowed  us  to  determine  the  hot  hole  temperature  as  a  function  of 
electric  field. 

The  absorption  spectra  obtained  experimentally  and  the  results  of  theoretical 
calculations  are  compared. 

2,  Structure  of  second  type  represents  the  selectively  doped  system  consisted 
from  two  quantum  wells  of  different  width  divided  by  tunnel-transparent  barrier 
(see  Fig.  2).  The  central  IQ  nm  region  of  wide  barrier  was  doped  with  Si  providing 
sheet  carrier  concentration  =  5- 10*^  crr'^.  The  number  of  structure  period.?  was 
150.  This  structure  was  grown  by  method  of  molecular  beam  epitaxy  (MBE)  on 
semiinsulating  GaAs  substrate.  According  to  the  calculations  the  energy  positions 
of  quantum  levels  measured  from  bottom  of  deep  well  are:  Cj  =  84  raeV, 
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Figure  1.  intfc  diagram  of  bound-to-bou3id  and  bound-to-continuum  optical 
transitions  of  boles. 


x:  0.42  0  0.42  0.1  0.42 


£2—  130  meV,  =  237  meV,  —  Z22  meV. 

The  equilibrium  IR  absorptioii  spectra  for  such  structures  were  measured  for 
light  of  s-  and  p-polarization  in  multipass  waveguide  geometry  (see  inset  in  Fig.  3). 
Difference  between  tliese  spectra  is  shown  in  Fig.3.  One  can  see  the  spectra 
transformation  with  temperature  due  to  electron  redistribution  between  energy 
subbands. 


hv,  meV 


.  .  c 

Figure  3.  The  equilibrium  light  absorption  spectra  for  structure  with  tunnel- 
coupled  wells.  Tlie  unit  polarization  vectors  for  light  of  p-  and  s-polarization  are 
shown  in  the  inset. 

Tlie  strong  heating  longitudinal  electric  field  results  in  transitions  of 
electron.-?  in  real  space  from  narrow  well  into  wide  one  {the  electrons  occupied 
level  S2).  llierefore  optical  absorption  appears  in  the  region  €2. 

We  investigated  experimentally  dependence  of  absorption  modulation  on 
heating  electric  field  at  >?  =  10.6  and  9  6  pm  and  analyzed  it.  Comparing  the 
variation  of  absorption  coefficient  due  to  electron  heating  in  electric  field  and  the 
temperature  dependence  of  equilibrium  absorption  at  the  same  wavelength  we 
determined  the  electron  temperature  as  a  function  of  electric  field. 

Tliis  work  was  supported  by  Rus-sian  Foundation  for  Basic  R>  searches  (Grant 
No.  96-02*  17404a),  INTAS-RFBR  (Grant  No.  615i96),  Ministry  of  Science  and 
Technology  (Program  "Physics  of  Solid  State  Nanostructures,  Giant  No  1-093/4). 
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Emission  and  absorption  of  FIR  radiation  by  bot  electrons  in  simple 
rectangular  and  asymmetric  tunnel-coupled  quantum  wells 
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The  results  of  investigations  of  new  optical  phenomena  connected  with  intra- 
and  intersubband  transitions  of  hot  electrons  in  selectively  doped  GaAs/AlGaAs 
quantuir  wells  of  two  types  are  presented.  Electron  heating  was  caused  by  electric 
field  applied  along  the  layers  of  structures. 

U  The  quantum  wells  of  the  first  type  were  simple  rectanqular  GaAs  wells  of 
width  =  6  nm.  The  Alo,22Gao,78As  barriers  was  14  run  in  width.  Tlie  central 
6  nm  thick  region  in  barrier  was  doped  with  Si  to  provide  at  T  =  77  K  the  carrier 
concentration  Ng  =  3x10’’  cm*®,  carrier  mobility  was  about  3400  cmV(V-s).  The 
structure  had  150  wells.  The  layers  were  grown  with  MBE  on  semiinsulating  GaAs 
substrate.  We  used  p-Ge  FIR  hot  hole  laser  as  the  source  of  light  and  multipass 
geometry  in  investigations  of  structure  transmittance. 


Figure  1,  The  diagrar  of  intrasubband  optical  transitions  in  rectangular 
quantum  well. 
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There  are  two  energy  levels  of  size  quantization  in  these  wells,  one  of  them 
is  near  the  top  of  the  well.  In  such  well  the  emission  and  absorption  of  FIR 
radiation  connected  with  indirect  transitions  of  hot  electrons  within  the  first  energy 
subband  (see  Fig.  1)  were  studied.  The  emission  spectra  in  the  range  of  70, ..350  pm 
are  presented  in  Fig.  2  and  the  dependence  of  modulation  of  radiation  with 
=  90  pm  is  shown  in  Fig.  3.  The  sign  of  modulation  corresponds  to  reduction  of 
absorption.  The  calculations  of  emission  spectra  and  change  of  absorption  was 
carried  out  taking  into  account  various  scattering  mechanisms:  polar  phonon 
emission,  impurities,  e-e  interaction,  interface  roughness  scattering.  Results  of 
calculations  are  compared  with  experiment. 


Figure  2.  TTie  emission  spectra  of  hot  electrons  in  rectangular  quantum 
wells.  'Ihe  radiation  was  observed  from  the  buti-end  of  the  structure. 

2.  As  quantum  wells  of  second  type  we  used  selectively  doped  system 
consisted  from  two  wells  of  different  width  divided  by^  tunnel-transparent  barrier 
(see  Fig-  4).  The  central  regioti  of  wide  well  was  doped  with  Si  providing  sheet 
carrier  concentration  N,  “  5x10’*  cm'^.  The  number  of  structure  period.s  was  150. 
This  structure  also  was  grown  by  MBE  on  semiinsulating  GaAs  substrate. 
According  to  the  calculations  the  energy  positions  of  quantum  levels  measured 
from  bottom  of  deep  well  are:  ej  =  41  meV,  82  =  95  meV.  83  =  106  meV, 
84  ==  123  meV.  The  strong  heating  longitudinal  electric  field  resuFs  in  transitions 
of  electrons  in  real  space  from  narrow  well  into  wide  one.  The  electrons  occupied 
levels  8-2  and  S3  and  can  drop  on  level  Sj  emitting  optical  phonon  (more  likely  fronr 
level  82  than  from  level  83). 
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Figure  3.  The  modulation  of  absorption  for  light  of  s-pofarization  in  strong 
electric  field. 

We  have  found  spontaneous  far-infrared  emission  from  these  structures 
under  electron  heating  by  longitudinal  electric  field  and  have  studied  emission 
spectra  in  region  X  =  30.-350  pm.  The  contributions  in  spontaneous  emis,sion  of 
direct  electron  transitions  83  S2  accompanied  by  emission  of  photon  and  indirect 
intrasubband  transitions  with  participating  of  above-mentioned  scattering 
mechanisms  are  analyzed. 
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x:  0.18  0  0.13  0.1  0.I8 


Figure  4.  The  energy  diagram  of  tunnel-coupled  quantum  well  structure 
GaAs/AlxGai-xAs  (without  considering  space  charge  effects). 
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Threshold  characteristics  of  compressively  strained  InAlAsSb  3  4/im  MQW 
Sers  have  been  studied  theoretically.  It  is  shown  that  the 
decreases  with  strain,  whLdt  results  in  weaker  temperature  dependence  of  the 
threshold  carrier  concentration.  It  is  demonstrated  that  the  rfram  consideraWy 
Sold  charaotori.tte  of  InAlA,Si  QW  l«or  and  moreaao.  .tt  to- 
iting  operation  temperature. 

Hiffh  nerformanre  mid-infrared  lasers  operating  in  the  3-5^Tn  band  are  highly  desirable 
for  Lfny^applications  such  as  pollution  monitoring  molecular  spectroscopy  ^d  laser  radar 
svstmns  Compressively  strained  quantum  well  QW)  structures  based  on 
loTwenr  to  show  Lch  promino  in  iHs  regard  (1-31^  However  .he 

ThSX"e  iHncre^/’he  f ^^t  ?hf  sl‘siift?tL“vStS 

“'nettaSthe  present  paper  in  to  atudy  theoretioajly  the  eftec.  <,n  rte  thresh- 

■'“rr  whfudf ‘Jhi  f  >,  >- “rrior’^d 

in  quantum  wS?’ Th^QW  wWth  n  Sd  tlS"number  “f.QW  t^vv  were 

^  "FoT/nAM{56/Ga5?rcteros^  with  QWs  considered  in  this  papeis  the  CHOC 

Auger  process  is  the  dominant  one,  since  for  these  structures  (A,,  -  E'  )  >  i  , 

is  the  spin-orbit  splitting,  f  is  temperature.  Therefore  in  this  paper  we  restrict  our  study 

The  ciu'S^.ed  AR  coeffilient  essentially  depends  on  strain  and  QW  parameters  (QW 
width,  barrier  heights,  emission  wavelength)  [4,6].  However  the  ff 

flwv  AT?  rnpfTirient  is  weak  i  e  the  Auger  process  is  a  tnresholdless  one  [8j.  iiierelore  me 
dependence  of  AR  rate  is®deterinined  mainly  by  the  temperature  dependence 

structure,  considered  in  this  paper  (A.,  -  Ef)  >  T,  therefore  we  have  assumed  that  tte 
doniiiiant  niechanism  of  the  light  absorption  is  that  involving  the  electron  excitation.  Ihis 
,  K’chani  .)  of  the  interband  absorption  is  due  to  the  interaction  between 
„,hI  abrupt,  heterobarricr  [9].  Therefore,  the  optical  matrix  element  strongly  depends  on  the 
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effectie  i  ..rrier  hc>glits  Tc,  K  for  electrons  and  holes  [9]:  |P|  oc  (3K  +  The  effective 

barrier  height  for  electrons  decreases  with  strain.  As  a  result  the  internal  absorption  a. 
decreases  with  strain  (see  Fig.  1),  which  leads  to  a  weaker  temperature  dependence  of  the 
threshold  carrier  density. 

We  calculate  the  threshold  carrier  concentration  taking  account  of  3D  carriers  in  the 
barrier  and  in  the  separate  confinement  (SC)  region: 

^3£>  L  A.  a  ^ 

where  tig^  and  3®  are  electron  and  hole  concentrations  in  the  barriers  and  SC  region; 
and  pfy  are  electron  and  hole  concentrations  in  the  QW  expressed  in  3D  units  (n^  =  n^wja, 
Pw  ”  Fv/ /“)•  From  Eq.(l)  and  the  threshold  condition  g{u)  =  ai(w)  +  (l/L)ln(i/7?) 
we  have  calculated  the  threshold  carrier  density  dependence  on  temperature.  Because  of 
strong  internal  absorption,  the  threshold  carrier  density  has  a  strong  non-linear  temperatures 
dependence.  However  this  dependence  becoi  3S  more  weak  with  increasing  strain  in  QW  (see 
Fig.  2). 

It  should  be  noted  that  there  two  additional  important  mechanisms,  which  lead  to  the 
strong  non-linear  thres'  )Id  carrier  density  dependence  on  temperature.  ^  The  first  is  the 
dependence  of  the  Lorentz  bandwidth  6  on  temperature  cind  the  second  .is  the  effect  of 
carrier  heating.  However  in  this  paper  we  do  not  consider  these  effects,  concentrating  our 
attention  only  on  the  effect  of  internal  absorption  on  the  threshold  carrier  density  dependence 
on  temperature. 

The  threshold  current  density  consists  of  three  contributions: 


Jih 

^Jr  +  Ja-^Jl^ 

(2) 

Jr 

II 

+ 

III 

+ 

(3) 

Ja 

(4) 

Jl 

(5) 

In  Eqs.(3)-(5)  Jr  is  the  radiative  recombination  current,  which  is  the  sum  of  recombina¬ 
tion  currents  in  the  well,  and  in  the  barriers  and  SC  regions,  Br  is  the  radiative 
recombination  coefficient;  Ja  is  the  Auger  current  and  Ji  is  tlie  leakage  current.  First  term 
In  Eq,(5)  represents  the  Auger  induced  current,  which  is  assumed  to  be  proportional  to  J"^ 
with  the  coefficient  ^  ,  0.5  <  /?  <^1.  The  second  term  in  Eq.(5),  is  the  sum  of  the  othci 

leakage  current,  which  depend  on  the  laser  structure  design  (for  example,  lateral  diffusive 
leakage).  In  our  calculation  we  assume  that  -  0. 

Figure  3  present  the  dependence  of  the  threshold  current  density  on  temperature.  The 
Auger  recombination  current  Ja  is  the  dominant  contribution  to  the  total  current.  It  should 
be  noted  that  since  the  tern  erature  dependence  of  the  AR  coefficient  is  weak,  ae  niain 
factor  which  determines  the  strong  temperature  dependence  of  the  threshold  current  is  a 
strong  increase  with  temperature  of  the  threshold  concentration. 

Figure  4  shows  the  threshold  current  density  versus  strain.  The  AR  coefficient  decrease 
vdth  strain,  therefore  the  threshold  current  decreases  with  strain. 

Figure  5  shov  •  the  dependence  of  the  internal  quantum  efficiency  g  =  JjPl  JtK  on  tem¬ 
perature  for  different  values  of  s+’-ain.  The  increase  of  strain  results  in  two  consequences: 
i)  weaker  temperature  d<  r-endent.ti  of  the  threshold  carrier  density  and  ii)  decteeise  of  the 
All  coefficient.  Both  these  factors  lead  to  decreasing  of  the  Auger  current  and  to  increasing 
of  the  internal  quantum  efficiency.  As  a  result  the  limiting  operating  temperature  increases 
with  strain  (see  Fig.  6).  Thus,  the  increa.se  of  strain  considerably  improves  the  llncshold 
characteristic's  of  the  mid-infrared QW  laser. 

In  this  paper  we  have  carried  out  a  first-principle  theoretical  invesrigation  of  the  threshold 
characteristics  of  the  MQW  mid-infrared  lasers  based  on  alloy.  Lets  s  surninari  'e 

the  main  results  of  this  work. 
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1.  The  internal  adsoq^tion  decree  a  with  strain  which  leads  to  a  weaker  teniperature 

dependence  of  the  threshold  carrier  density 

2.  By  increasing  compressive  strain  it  is  possible  to  decrease  the  threshold  current,  to 
increase  the  internal  quantum  efficiency  and  to  raise  up  the  limiting  operating  temper¬ 
ature  of  InAlAsSb  QW  lasers. 


In  conclusion,  we  note  that  compressi-e  strain  considerably  improves  the  threshold  charac¬ 
ter’ Tics  of /n>lMs56  QW  lasers.  „  ,  .  .  *1D  1, 

f  his  work  was  partially  supported  by  the  Russian  Foundation  of  Fundamental  Rese^ch, 
Grant  No.  96-02-17952  and  State  Russian  programm  ’’Physics  of  Solid  State  Nanostruc¬ 
tures”. 
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Figure  1.  Internal  ebsorption  vs  strain  for  Figure  2,  Threshold  carrier  density  vs  tenuF'^attwe 

/u/fMjy  QW,  =lxI0>2cniA  for  different  values  of  strain  Nqw=4. 
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^dencjf  ^  2-25,  Threshold  current  density,  A/cm 
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Auger  recombii-ation  processes  in  type  11  heterostructures  with  strained  qimn- 
tum  wells  (QW)  have  been  studied  theoretically.  It  is  shown  that  m  type-Jl  qw 
there  are  two  channels  of  electron  and  hole  recombination.  During  the  Auger  re¬ 
combination  processes  these  two  channels  interfere  destructively,  wlucii  results  in 
decrease  of  the  Auger  matrix  element  and  the  AR  rate.  It  is  r.ht  n  that  the  Auger 
recombination  rate  essentiallv  depends  on  strain.  It  is  demonstrated^ that  under 
certain  conditions  the  Auger  recombination  rate  can  be  suppressed  by  choosing 
the  optimal  value  of  strain. 


Semiconductor  heterostructures  (KS)  with  quantum  wells  (QWs),  as  a  heart  of  novel 
optoelectK  ic  devices,  have  been  studied  intensively  dunng  last,  decade,  bennconduclor 
HSs  can  be  of  type  i  or  tvne  II.  In  type  II  heterostructur^  t))e  electrons  and  holes  are 
separated  In  space,  so  that  their  recombiuatior  s  possible  only  when  either  electron  or  hole 
tuUels  through  the  heterobiu-rier  {1,2].  Therolore  in  contrast  to  type  I  heterostructures,  in 
type  II  HSs  there  are  two  possible  recombination  channels:  i)  an  electron  tunnels  through 
the  barrier  and  recombines  with  a  hole  localized  in  a  QW  (channel  ”E”,  ..ee  Fig-  1):  n)  a  hole 
tunnels  through  the  b  rier  and  recombines  v^ith  an  electron  in  a  QW  (channel  H",  see  Fig. 
1).  Since  the  tunneling  probability  is  very  sensitive  both  to  the  values  of  effective  barrier 
height  and  effective  mass,  it  is  naturally  that  the  rates  of  the.  emmentai^'  recombination 
processes  in  type  II  heterostructures  with  QWs  essentially  depend  on  ths  QW  parameters. 

Threshold  characteristics  of  longwavelength  lasers  are  determined  mamly  by  two  lecombi- 
iiatin  processes:  radiative  recnibination  and  Auger  recombination  (AR).  I'o  improy|  temper¬ 
ature  sensivity  of  J  .3-1.5  /zm  lasers  and  to  raise  up  the  operation  temperatiireof  mid-mlrared 
(2-5  }im)  lasers  it  is  important  to  suppress  the  AR  processes.  Sucii  Kind  of  suppression  is 
possible  by  choosing  the  optimal  parameters  of  QWs.  In  our  P/e^ous  papers  [T2]  we  have 
studied  the  possibiSty  of  AR  suppression  in  unstrained  type  II  QWs.  It  was  shown  that 
under  certai^i  conditions  the  AR  rate  had  •  minimum  as  a  fu  ction  of  the  ratio  of  the  ...^ner 
heights  for  electrons  and  holes  {!].  However  the  most  real  heterpstructurea  witn  type-II  QWs 
are  the  structures  with  strained  layers  [3].  Therefore  further  theoietical  investigations  are 
required  to  find  out  the  possibility  of  Auger  recombination  supperssion  ii)  strained  type  11 

^'^iie  aim  of  the  present  paoer  is  to  study  theoretically  the  effect  of  strain  on  the  Aupr 
recombi nation  processes  in  type  II  heterostructures  with  strained  QWs.  It  is  dcmonstrajted 
that  under  certain  condition**  the  AR  processes  can  be  suppressed  by  choo,sing  the  structure 
with  the  optimal  value  of  strain,  ,  r  a  i.-  a-  T. 

In  heterostructures  bESsd  on  III-V  alloy,  two  channels  of  Auger  recornbmationproce^s^ 
are  important:  CHOC  and  GHHS  [2].  In  the  present  paper,  we  will  study  only  the  CHCG 
pritcesses.  However,  the  main  conclusion  regarding  interference  of  two  channels  ot  electron 
and  hole  recombination  is  also  valid  for  the  CHHS  process.  _  •  i  * 

The  AR  rate  is  calculated  in  the  framework  of  first-order  perturbation  theory  m  electron- 
electron  interaction:  [1,2,4].  The  the  cairier  spectrum  and  wave  function  have  been  derived 
employing  the  4x4  Kane  model  with  strain  taken  into  account  [5-7].  This  model  descri^bes 
the  main  peculiarities  of  the  carrier  spectrum  and  wave  functions  in  the  QVv :  light-heavy  hole 
mixing  and  non-parabolicity  of  the  electron  and  hole  spectrum.  We  introduce  the  strain, 
as  ^  =  (<^  -oi)/ai,  where  oj  is  the  lattice  constant  of  the  materia!  in  the  region  -I.  <  a:  <  U 
(see  Fig.  1),  a  is  the  in-plaiie  lattice  constant  of  the  relaxed  structure. 


As  w  shown  earlier  [1-4] ,  the  overlap  integrals  entering  the  AR  matrix  element  sImjuM  be 
caiculated  m  the  framework  of  multiband  Kane  mode)  taking  into  account  non-parabolicity  of 
the  carnet  spectrum  dispersion.  For  the  overlap  integral  between  the  states  of  localized 
Z  and  excited  3  electron  this  is  important  becaiuse  of  the  following  reasons.  First, 
the  wave  function  of  the  electron  highly  excited  in  the  conduction  band  contains  essential 
contribution  from  Ip  >- states  of  the  valence  band.  Second,  the  specified  overlap  integral 
consists  ot  contribution  from  three  regions  of  integration  over  X:  two  regions  of  underbarrier 
motion  w  electron  ”2”  (s:  <  -Li  :c  >  0  —  see.  Fig.l)  and  a  quantum  well  region  (-L,  < 
®  <  0).  j-he  contributions  from  uiiderbarricr  motic-  region  and  the  contribution  from  QW 
region  compensate  eacn  other  being  summed.  This  leads  to  the  appearance  of  additional 
small  factor  in  tne  AR  matrix  element  of  the  order  of  (3K  “  !K|)/F[|it  which  results  in  strong 
deexeaxe  of  the  AR  rate  (here  V'  and  K  are  the  effective  barrier  height  for  electrons  and 
holes  witn  strain  taken  into  account). 

As  noted  above,  in  type  11  QV/s  tliere  are  two  channels  of  the  AR  process  (see  Fig.  1). 
From  mathematic^  point  of  view  these  tv/o  channels  correspond  to  two  regions  of  integration 
over  X  when  calculating  tne  electron-hole  overlap  integral: 

^  ^+oo 

^  V’j  J  exp(i(^a:-B)  dx  +  exp{iq^x)  dx  +  if^.  (1) 


It  is  worth  noting  that  for  calculation  of  the  electron-hole  overlap  integral  aiad  in  order 
to  find  out  the  relationship  between  contributions  iK  and  it  is  principall>  important 
to  take  account  of  light-heavy  hole  mixing  in  the  QW.  This  point  car  be  explained  qu^- 
itativeJy  as  follows.  Let  us  assume  that  we  ignore  the  light-heavy  hole  mixing.  Then  the 
hole  effective  mass  mj  does  not  depend  on  in-plane  momentum  <74  and  is  equ^  to  its  bulk 
value,  which  is  much  greater  that  tL  electron  effective  mass  ml.  Therefore  the  charac¬ 
teristic  damping  distance  oHhe  hole  wave  function  is  times  smaller  than  that  of 

electrons:  <x  As  a  result,  the  channel  "E”  Is  the  dominant  and  the  ratio 

contributions  and  4^  is  small  in  case  of  ignoring  the  light-heavy  hole  mixing: 


(2) 


The  situation  sir  ificantly  changes  when  we  lake  into  account  light-heavj'  hole  mixing. 
In  this  case,  the  hole  wave  function  is  the  superposition  of  light  and  heavy  hole  states.  The 
relative  contributions  from  these  two  states  to  the  hole  wave  function,  i.e  the  degree  of  light- 
•  heavy  hole  niixing  essentially  depends  on  the  in-plaiie  hole  momentum  q^.  In  particular,  this 
mixing  v^mhes  at  94  =:  0.  This  can  be  qualitatively  iateroreted  in  terms  of  tbe  hole  effecti-'e 
m^ss  which  depends  on  04:  mT  =  m;‘(?4p  Consequently,  the  ratio  (11)  depends  on  -  •  and  at 
deiinite  region  of  can  be  clc..,e  to  unity.  A  detailed  aneJysis  shows  that  in  this  region  of 
two  contributions  and  are  of  the  same  order,  but  have  different  signs.  As  a  re.'Jiilts, 
the  total  electron-hole  overlap  integral  is  smaller  than  both  contributions: 


This  means  that  a  distmetive  inteeference  belmeen  two  channels  of  electron  and  hole  recom- 
bination  takes  place.  This  result  is  illustrated  on  T  ’gure  2.  The  strain  does  not  significantly 
change  this  effect/  it  ca.n  just  makes  this  inteiference  more  or  less  eflective,  which  in  its  turn 
depends  on  the  structure  parameters  (barrier  heights  of  electrons  and  hole.s,  QW  widths) 
ajid  temperature  (we  do  not  consider  here  extrimely  large  strains). 

It  is  also  linportani:  to  note  that  the  interference  between  two  chanuel?  ronsidered  above 
takes  place  at  definite  values  of  hole  momentum  94.  at  94  -  0  this  interference  b  ab¬ 
sent  and  tne  channel  E  is  the  dominant.  The  main  contribution  to  the  Auger  rate  is 


173 


given  b>'  the  values  of  of  order  of  either  ~  tt/I,  (for  narrow  QWs  for  holes)  or 
oa  ~  1/At  =  Jh'^/{2mhTl  Both  of  this  values  are  close  to  region,  where  the  mterfer- 
!ice  of  chariuels^”E’’  and  ”11”  occurs.  Thus,  the  effect  of  interference  of  two  channels  of 

electron-hole  recombimation  reduces  the  Auger  rate  recombi- 

It  should  be  noted  that  the  situation  changes  when  we  consider  the  radiatne  recomoi 

doe.s  not  reduce  the  radiative  recombination  rate.  ■  u  •  Wmidars 

Accurate  calculation  of  the  AR  rate  is  possible  only  numerically  using  ^al^^tical  formulas 
for  Auger1«LltL0D  matrix  element  (5).  The  Auger  rate  esaentiaUy  dependa  ou  he 
structure  parameters:  QW  width,  barrier  heights,  effective  band  gap  (i.e.  the  emission 
wavelength)  and  strain.  Vwever,  the  AR  rate  lias  a  weak  temperature 
nif'sns  t^at  the  AR  Dfocess  in  type  11  QWs  is  a  threhsoldless  one.  In  particular,  deciea^es 
XiTthe  QW  widtf  ror  i/iL  the  Aup-  rate  steeply  increases  witfi  emission 

wavelength  These  dependences  are  analogous  to  that  in  unstrained  type  II  structures. 

Figure  3  presents  \he  AR  coefficient  dependences  on  strain 
barrier  heights  for  unstrained  structure.  The  analysis  of  these  dependences 
certain  conditions  tha  AR  rate  has  a  minimum  at  definite  value  of  stiam.  this  means  tnat 
at  certain  structure  parameter  a  suppression  of  AR  process 
ratio  V;/K  is  relatively  small,  the  Auger  rate  bas^  a  minimum  at  ^  >  0,  .If 
minimum  shifts  towards  smaller  values  of  ^  when  .increasing  the  ratio  VjVv  (re mind  that  Vc 

“VlTe  param,ete^  ia  conn^W  with  two 

factor  First  the  overlap  integral  /21  between  the  states  of  localized  and  excited  electrons  is 
[Imed  ardefinitr^^^^^^^^^^  ^aranSters.  Second,  the  overlap  Integra 

cjtites  is  reduced  at  certain  region  of  m-plane  hole  momentum  because  of  destructive 
interference  of  two  channels  of  electron-hole  recombination.  At 
the  influence  of  this  factors  results  in  suppression  of  Auger  recombination  at 

In  summarv  we  have  performed  a  detailed  theoretical  analysis  of  Auger  recoinbmati 
procisefin  SpeTl  hetei-ostructurcs  with  strained  QWs.  Let  us  sumrnarize  the  mam  results 
of  this  work. 

1 .  The  overlap  integral  between  the  states  of  the  localized  and  excited 

depends  on  the  barrier  heights  and  strain.  At  certain  values  of  parameters  the  value 
of  the  overlap  integral  decreases. 

2  In  tvoe  II  OWs  there  are  two  channels  of  the  electron-hole  recombination.  These 
Channels  intSre  destructive^  which  significantly  reduces  the  electron-hole  overlap 
integral. 

3.  At  certain  structure  parameters  (barrier  heights,  QW  widths)  the  AR  p.ocesses  is 
suppressed  at  definite  values  of  strain. 

In  conclusion,  we  note  that  the  performed  theoretical  analysis  demonstrates  opportunity  to 
(Grant  No.  96-02-17932)  and  by  INTAS  Grant  No  94-1172. 
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Figure  I.  Schematic  rcprcseutation  of  the  band 
of  type  n  heterostructiire  with  QWs; 
number  ”1"  and  **2”  denote  intial  states  of 
particles.  “3”  and  “4”  denote  the  lipal  states  during 
the  Auger  recombination;  “H”  and  “E”  denote  two 
possible  channel  of  clccux>n-hoIc  recombination. 
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Figinc  2b.  Tiic  same  as  on  Fig.2a,  but  at  ^  = 
0.5%. 


q4/(7C/a) 


Figure  2a.  Flectrou-hole  overiap  integral  and 
contributions  from  two  channels  of  electron-hole 
recombination.  qi  =  0.4  Tc/a,  q*  =  iQi  -  O-th  effective 
band  gap  is  0.31  eV.  4  rr  -0.5%. 


Strain ,  % 


Figure  3.  The  rkpendence  of  the  Auger  coefficient  on 
strain  for  ditferait  values  of  the  biuricr  heights  at  ^  =  0 
%:  1  -  Ve  =  0.05  eV,  Vv  •=  0.45  eV;  2  -  Vc  =  O.I  eV. 
Vv  =  0.4  ,  3  -  Vc  =  0.2  eV.  Vv  =  0.2  eV.  For  all 

tlirce  sliucturcs:  T=250  K,  Li  -  oO  A,  L2  =  80  A, 
etTective  band  gap  is  0.6  eV. 
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Effect  of  carrier  recombination  in  the  optical  confinement 
layer  on  the  temperature  dependence  of  threshold 
current  density  of  a  quantum  dot  laser 

L.  V.  Asryan  and  R.  A.  Suris 

Ioffe  Physico- Technical  Institute,  26  Polytekhnicheskaya  st.,  St  Petersburg  194021,  Russia 
E-mail:  asryan@theory.ioJfe.rssi.ru 

One  of  the  most  important  expected  advantages  of  quantum  dot  (QD)  lasers  over  the  con¬ 
ventional  quantum  well  (QW)  lasers  is  the  weak  temperature  sensitivity  of  the  threshold 
current  (!].  Ideally,  threshold  current  of  QD  laser  should  remain  unchanged  with  the  tem¬ 
perature  [i].  'This  would  be  so  indeed  if  the  overall  injection  current  went  entirely  into  the 
radiative  recombination  in  QDs.  In  fact,  because  of  the  presence  of  some  nonvanishing  free 
carrier  density  in  the  barrier  regions  (in  the  optical  confinement  '  ayer  -  OCL),  a  fraction  of 
the  injection  current  is  wasted  therein.  This  fraction  goes  into  the  recombination  processes 
in  the  OCL  [2]-[10].  Recombination  in  the  barrier  regions  gives  rise  to  one  more  component 
of  the  threshold  current  [2]-{10].  Besides,  the  latter  component,  associated  with  the  thermal, 
excitation  (leakage)  of  carriers  from  QDs  to  the  barrier  regions,  depends  trongly  on  the 
temperature.  As  a  result  the  total  threshold  current  should  become  temperature  dependent 
[.3]--[r)],  especially  at  high  temperatures.  This  has  been  observed  experimentally  in  [11]. 

In  [4]-[10],  a  detailed  theoretical  analysis  of  the  gain  g  and  threshold  current  density 
jth  of  QD  laser  has  been  given  having  regard  to  inhomogeneous  line  broadening  caused  by 
fluctuations  in  QD  parameters.  Both  of  the  radiative  recombinations  in  QDs  and  in  the  OCL 
have  been  taken  properly  into  account.  The  different  Cases  of  QD  filling  have  been  revealed 
to  occur  depending  on  temperature,  QD  size  fluctuations  and  conduction  and  valence  band 
offsets  at  the  QD-OCL  heteroboundary.  In  view  of  the  strong  dependence  of  jth  on  the 
parameters  of  the  structure,  optimization  of  the  laser  structure  has  been  carried  out.  The 
key  dimensionless  parameter  controlling  the  magnitude.^  of  the  minimum  threshold  current 
density  and  of  the  optimum  pararfieters  of  the  structure  has  been  revealed.  This  parameter  is 
the  ratio  of  the  stimulated  transition  rate  in  QDs  at  the  lasing  threshold  to  the  spontaneous 
tiajisition  rate  in  the  waveguide  (barrier)  region  at  the  transparency  threshold. 

In  this  work,  we  give  a  detailed  analysis  (by  reference  to  [4]-[10])  of  the  temperature 
dependence  of  jth-  Temperature  dependences  of  both  of  the  components  of  jtu  associated  with 
the  radiative  recombination  in  QDs  and  in  the  OCL  are  calculated.  The  relative  contribution 
of  each  component  to  jth  is  analyzed  as  a  function  of  T.  Temperature  dependences  of  the 
optimum  surface  density  of  QDs  and  the  optimum  thickness  of  the  OCL  are  obtained. 

The  threshold  current  density  of  QD  laser  is  the  sum  of  the  current  densities  associated 
with  the  radiative  recombination  in  QDs,  jgp,  and  in  the  OCL,  jocL?  [4]-{7li  [y] 

jth  =  jqo  +  joCL-  •  .  (1)  - 

We  consider  relatively  high  temperatures  when  equilibrium  filling  of  QDs.  is  the  case  [4]- 
[Cj.  finder  the  conditions  of  the  thermal  equilibrium  between  the  electrons  (holes)  confined  , 
in  QDs  and  free  electrons  (holes),  jqp  and  jocL  are  given  by  [4]-[7],[9] 

=  ioct  :  P) 
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where  /„,p  are  the  mean  electron  and  hole  level  occui>ancies  in  QDs  required  for  attaining 
the  peak  modal  gain  value  of  ^  =  Nsa'^Vgo  at  a  given  surface  density  of  QDs,  Ns  {go  is 
the  material  gain  reduced  to  one  QD  [4]  -jG]);  a  is  the  mean  size  of  QDs,  V  is  the  optical 
confinement  factor  in  a  QD  layer  (along  the  transverse  direction  in  the  waveguide),  tqd  is 
the  radiative  lifetime  in  QDj  [4]-[6],  b  is  the  OCL  thickness  and  B  is  the  radiative  constant 
for  the  OCL  material. 

At  the  lasing  threshold  {g  ~  where  is  the  total  loss  coefficient),  the  population 
inversion  in  QDs,  /n  +  /p  ~  1,  is  given  by  the  equation 


f  ,  f  T  _  ((^£)intioin>  ^) 


(3) 


where  As“"  ((^e)iniiom,/5)  is  the  minimum  surface  density  of  QDs  required  to  attain  lasing 
at  given  losses  ^  and  inhomogeneous  line  broadening  (Ae)i;j,om  [4]-[7j. 

The  free-electron  and  -hole  densities  in  the  OCL,  n  and  p,  are 


n  =  ni 


In 

l-/n 


P^Pl 


/p 

l-/p 


(4) 


Pi  =  N^^^exp{- 


where  —  2(771®^ are  the  conduction  and  valence  band  effective  densities  of 
states  Lor  the  OCL  material,  AEci  S'l^d  AEy,i  are  the  conduction  and  valence  bs:i*:!  offsets  at 
the  QD-OCL  heteroboundary,  are  the  quantized  energy  levels  of  an  electron  and  hole 
in  a  mean-sized  QD  (measured  from  the  corresponding  band  edges)  and  the  temperature  T 
being  measured  in  terms  of  energy. 

The  radiative  recombination  channel  is  primarily  responsible  for  the  temperature  depen¬ 
dence  of  the  threshold  current  density  of  QD  laser  [4j~[6].  With  equations  (5)  for  and  pi 
and  B  ~  (see  equation  (10)  in  [4]  for  B),  tlie  temperature  dependence  of  j/qcl  may  be 
presented  as 

jW(r)  ~  zip) .  (c) 


The  election  and  hole  level  occupancies  in  QDs  at  the  lasing  threshold  (which  are  the 
analogue  of  tlie  threshold  carrier  densities  for  QW  or  bulk  lasers)  become  temperature  de¬ 
pendent  if  the  charge  neutrality  violation  in  QDs  is  properly  taken  into  account. 

Thus,  the  self-consistent  consideration  of  the  QD  charge  reveals  the  temperature  depen¬ 
dence  of  jQD  by  itself.  It  also  leads  to  the  extra  temperature  dependence  of  y'ocL  through 
the  such  dependences  of  /n,p  (in  addition  to  the  temperature  dependence  of  jocL  through 
the  temperature  dependence  of  Bnipi ,  sec  equation  (6)). 

It  should  be  noted  that  the  tem])eraHife  dependences  of  /„,p  are  much  weaker  compared 
to  that  of  the  product  Briipi  (which  is  the  exponen';,-!,  see  (6)).  Consequently,  the  lein- 
perature  dependence  of  ;qd  is  much  w'ealrer  comparcxl  that  of  jocL-  Nevertiielcss.  the 
conclusion  that  jiqd  do  depends  on  the  temperature  nuiy  be  of  great  Importance.  The  mat¬ 
ter  is  tliat,  in  the  properly  designed  QD  laser  structi k's,  he  recombination  channel  through 
the  harrier  region  (OCL)  states  (that  is  the  leakage  ■  urrciit)  sliould  be  supj)resf;ed,  Thi... 
should  be  at  least  one  way  f.r  ^pti^aize  tlie  performance  of  QD  li^sers.  Even  so,  the  threshold 
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Figure  1.  Electron  and  hole  level 
occupancies  in  QDs  at  the  lasing  threshold 
and  the  differenc^e  of  them  vs.  temperature. 


Figure  2,  Fre&-eiectron  and  -hole  deiisit'es 
in  the  OCI.  at  the  lasing  threshold  vs, 
temperature. 


Figure  3.  Thresiiold  current  density  and  Figured.  Temperature  dependences  of  the 

current  densities  associated  vvith  the  relative  contributions  of  the  components 

radiative  recombination  in  QDs  and  in  to  the  threshold  current  density, 

ihe  OCL  vs.  temperature. 
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current  deasitj',  being  determined  solely  by  the  radiative  recombination  in  QDs,  should  be 
temperature  dependent. 

To  illustrate  the  results  of  calculations,  we  use  a  laser  structure  considered  in  [4,  7].  The 
normal  f  Gaussian)  distribution  of  relative  QD  size  fluctuations  is  supposed.  The  mean  size 
of  cubic  QDs  is  taken  to  be  a  =  150  A.  The  total  loss  coefficient,  RMS  of  relative  QD  size 
fluctuations  and  OCL  thickness  are  taken  to  be  =  10  cm"^,  S  —  0.05  and  b  —  0.28 
(which  is  the  optimum  value  at  T  =  300 K),  respectively.  The  corresponding  value  of  iV™” 
is  2.1  X  10^®cm“^.  The  surface  density  of  QDs  is  equal  to  its  optimum  value  at  T  =  300  K 
«  3.70,  f7]). 

Fig.  1  shows  the  temperature  dependence  of  A  —  /p  —  /„  and  /n^p  at  the  lasing  threshold. 
The  dashed  line  shows  /r.,p  calculated  disregarding  the  charge  neutrality  violation  in  QDs. 
A  drops  slowly  with  the  temnerature;  /„  and  /,,  tend  slowly  to  each  other.  Thus,  violation 
of  the  charge  neutrality  in  QDs  is  suppressed  with  the  temperature. 

The  free-carrier  densities  in  the  OCL  (barrier  regions;  are  plotted  in  Fig.  2  versus  T. 
Fig.  3  shows  jQD.,  iocL  and  jth  against  T-  At  T  =  300  K,  jqp  =  6.2  A/crn*  and  jocl  = 
2.0  A/cm'^;  jqd  and  jocL  become  equal  to  each  other  (and  equal  to  6.4  A/cm^)  at  T  —  344  K. 
At  T  =  400  K,  Jqd  ~  6.6  A/cm^  and  jocL  =  20.0  A/cm*. 

Shown  in  Fig.  4  are  the  ratios  Jqd/m  and  joci/jih  against  T.  At  room  temperature,  the 
contribution  of  joch  to  ith  still  remains  moderately  small  in  comparison  with  that  of  jqd- 
The  former  contribution  increases  with  T.  The  contributions  become  equal  to  e&ch  other  at 
r  =:  344  K  (see  also  Fig.  3). 

'  The  work  has  been  supported  by  the  Russian  Foundation  for  Basic  Res^reh,  grant 
No.  96-02-17952  and  the  Program  “Physics  of  Solid  State  Nanostructures”  ol  Ministry  of 
Science  and  Technical  Policy,  of  Russia,  grant  No.  97-1035. 
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1.5  Jim  Muttiquantum  Well  Four-Wavelength  DFB  Laser  Array  for 
Mu!tigigabit/s  High-Density  WDM  System  Applications 
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The  increase  in  the  tiansmission  bandwidth  in  telecommunications  has  been  traditionally 
accomplished  by  time-division-multiplexing  (TDM)  through  the  increase  in  the  transmission 
speed.  Recently,  there  was  a  consiaerable.  interest  in  wavelength-division-muitiplexed  (WDM) 
systems,  which  at  the  present  time  are  believed  to  be  cost  eflFective  compared  with  high 
transmission  speed  (>40  Gb/s)  TDM  systems  [1],  Distributed  feedback  (DFB)  laser  arrays  (X  » 
1.55  pm)  are  considered  as  key  component  for  broadband  optical  networks  based  on  high- 
density  WDM  technologies.  Quantum  well  lasers  have  potentially  low  threshold  current,  narrow 
linewidth,  low  chirp  and  wide  modulation  bandwidth.  This  paper  presents  performance  of  the 
experimental  four-wavelength  DFB  laser  array. 

The  samples  were  grown  on  InP  substrate  by  MOCVD.  The  active  region  contains  six 
InGaAs  quantum  wells,  8  nm  thick  each.  4  pm  wide  ridge  waveguide  laser  stripes  at  the 
separation  of  250  pm  are  planarized  by  polymide.  The  first-order  grating  of  the  lasers  was 
written  by  electron  beam  lithography.  A  coupling  constant  ^  of  ~  20  cm'*  was  measured, 
resulting  in  the  coupling  constant-cavity  length  product  (jcV)  of  ~  1  for  the  cavity  length  of 
SOOprn  Difference  in  grating  periods  between  adjacent  lasers  results  in  a  nominal  wavelength 
difference  of  5  nm.  The  wavelengths  of  the  lasers  in  the  array  are  1.5401,  1.544S,  1,5504  and 
1,5558  pm,  respectively  L-I  curves  are  shown  in  Fig.l.  At  room  temperature  (T  =  20®C)  lasers 
have  threshold  currents  of  20-^35  .  mA  and  slope  efficiencies  0.15-i-0,22  mW/mA.  The  typical 
optical  spectrum  of  the  laser  is  shown  in  Fig,2.  Single  longitudinal-mode  operation  was  ob.seived 
for  each  laser  with  sidemode  suppression  ratios  of  >30  dB. 


Current,  tnA.  V/ave)engttt.  ,«m 


Fig  1  L-1  characteristics  and  slopes  of  four-  Fig.2  Typical  emission  spectrum  of  one  laser  in 
wavelength  DFB  LD  array.  four-wavelength  DFB  ID  array. 
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The  iaser  linewidth  was  measured  by  a  scanning  Fabry-Perot  interferometer.  Fig.3  shows 
the  measured  linewidth  as  a  function  of  reciprocal  laser  power  from  the  front  facet.  The 
linewidth-power  product  was  determined  to  be  ~50  MFIz  mW  and  the  minimum  measured 
linewidth  was  -20  the  value  determined  by  interferometer  resolution. 

Spectral  line  shape  for  the  laser  operating  at  8  mW  output  power  is  shown  in  Fig  4. 
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Fig.3  Measured  linewidth  as  function  of 
reciprocal  lasei  power. 


Fig.4  Optica!  spectrum  of  an  individual  iaser. 


Fig.  5  shows  small-signal  modulation  (SSM)  response  of  the  laser.  The  -3  d8  bandwidtii 
is  5.5  GHz. 

Electrical  and  thermal  crosstalk  effects  between  lasers  in  the  atray  are  very  important  for 
the  device  performance.  Fig.6  shows  the  CW  thermal  crosstalk,  i.e.  wavelength  variation  due  to 
CW  current  injection  into  neighboring  laser.  Two  curves  are  shown.  The  top  curve  shows  the 
thermal  crosstalk  between  neighboring  lase.s  in  the  array  (lasers  separation  S  =  250  pm)  while 
the  bottom  one  was  obtained  for  distant  lasers  (S  =  750  pm).  Compared  to  the  previously 
published  value  of  0.003  A/mA  [2]  the  obsei'ved  value  of  0.026  A/mA  is  much  higher. 


Fig. 5  Small-signal  modulation  response. 


Fig.6  Dependence  of  the  wavelength  variation 
of  a  laser  on  the  current  in  the  adjacent 
laser  for  difTerent  spacing  between  lasers 
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In  Qur  opinion,  it  can  be  explained  as  follows.  First,  the  array  under  test  has  the  100  pm  thick 
sr.bsirale  and  is  mounted  on  a  heatsink  substrate-down.  Thick  substrate  worsens  the  heatsinking 
from  the  active  region.  Second,  the  atray  had  nonoptimised  upper  contacts  serving  as  extra  heat 
conductors  (the  distance  betv\'een  massive  metal  pads  v/as  only  60  pm).  Carefiil  device  layout 
should  substantially  reduce  the  theinral  crosstalk. 

Measured  electrical  crosstalk  between  adjacent  lasers  is  shown  in  Fig.7  and  Fig.8.  Fig.7 
shows  the  laser  frequency  response  on  the  small-signal  sinusoidal  modulation  (-20  dBm)  of  the 
adjacent  laser.  First,  modulation  response  of  laser  B  is  measured  with  the  neighboring  laser  C 
off.  Then  the  same  is  done  for  the  case  when  laser  C  is  modulated  and  laser  B  is  dc  biased.  The 
amplitude  difference  between  two  values  indicates  the  electncal  crosstalk  at  each  frequency.  One 
can  see  that  even  in  the  resonance  region  (near  2  GHz)  electrical  crosstalk  is  less  than  -25  dB. 
Usually  lasers  are  used  under  large  signal  modulation  (LSM).  Thus  it  is  important  to  evaluate 
noise  in  the  optical  signal  of  the  laser  under  LSM,  caused  by  large  signal  modulation  of  the 
another  laser  in  the  array.  Fig.8  shows  electrical  crosstalk  between  two  adjacent  lasers  under 
large  signal  modulation.  The  signal  to  noise  ratio  was  higher  than  22  dB; 


Modulation  frequency,  GHz  ^  ^  ^  ^  ^  v 

Fig.7  Small-signal  inoduladon  response  for  Fig.8  Signal  to  noise  ratio  tor  large  signal 
electncal  crosstalk  measurement.  modulation  electrical  oiossialk 

nieasurenient.  \ . .  •  ■  ^ 

In  conclusion,  we  have  demonstrated  four-channel  DFB  LD  array  gicwn  by  MOCVT*  on 
InP  substrate  The  fabricated  array  showed  uniform  L-I  characteristics  (tlmeshold  current 
~20 :  30  inA  and  output  power  up  to  >20  mW)  The  thermal  crosstalk  in  our  devices  was  0.026 
,VmA  Each  laser  could  be  modulated  at  the  speed  of  5-6  Gb/s  with  moderate  electncar crosstalk 
penahv  (-25  dB)  from  adjacent  laser.  Such  laser  arrays  are  expected  to  be  suitable  for  the 
fabrication  of  integrated  optical  de\'ices  for  25-30  Gb/s  WDM  lightwave  communication 
systems. 
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Nature  of  separate  groups  of  longitudinal  modes  appearing  in  rooA'  temperature 
quantum  dot  lasers  has  been  studied,  it  has  been  shown  that  the  limited 
transport  of  earners  in  the  plane  of  active  layer  under  conditions  of  a  transverse 
Citannel  of  them  in  other  layers  leads  to  signific.ant  difference  in  gain  spectra  of 
corresponding  transverse  modes. 


Introduction 

It  has  been  shown  in  numerous  experiments  that  spectra  of  multimode  injection  lasers  may  be 
modulated  with  a  period  much  broader  than  a  period  of  longitudinal  modes  U-d]  I  his 
phenomenon  may  have  different  interpretation.  It  may  be  concerned  with  some  additional  cavity, 
or  separate  longitudinal  channels  in  a  laser  leading  to  “spot  lasing".  The  effect  observed  in  room 
temperature  quantum  dot  (RT  QD)  lasers  was  especially  strong.  Sometimes  the  lasing  spectrum 
observed  under  CW  pumping  has  been  decomposed  into  groups  of  longitudinal  modes. 

RT  QD  lasers  have  one  specific  property  comparing  with  QW  ones.  Channeling  of  non- 
equilihrium  carriers  in  the  plane  of  QDs  is  very  limited  even  at  room  temperature.  The  gain 
spectrum  of  such  lasers  is  often  very  wide  and  strongly  depends  on  pumping  current  density.  In 
the  case  of  broad  area  lasers  having  weak  transverse  carrier  confinement  it  may  create  rather 
different  conditions  for  different  transverse  modes. 

Experimental  Methods 

Experimental  samples  were  prepared  as  stripe  geometry  injection  heterolasers.  Initial  wafers 
were  grown  as  a  separate  confinement  AlGaAs/GaAs  heterostructure  having  6  stacks  of  InGaAs 
QDs  in  the  middle  of  GaAs  waveguiding  layer  [5],  The  stripe  was  formed  as  a  60  pm  wide 
window  in  AI2O3  insulating  layer.  No  mesa  structures  were  etched.  Electroluminescent  spectrum 
of  such  laser  is  shown  in  fig.l.  Separate  groups  of  modes  were  distinguished  both  belov/  and 
above  the  threshold 


Bv  stud^ng  of  similar  spectra  at  various  temperatures  as^pectral  location  of  separate  lasing  tines 
and  additional  maximums  of  the  superluminescence  wsii  Investigated, (fig.2) 
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Fig.  1  Lasing  spectrum  of  RT  SC  QDs 
laser. 
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Fig.2  Temperature  dependence  of  the  lasing 
wavelength  and  spontaneous  emission 
maxima. 


To  check  existence  of  extra-cavity  inside  basic  one  formed  by  cleaved  facets  ot  the  chip,  the 
intensity  of  scattered  radiation  along  laser  stripe  was  studied  (fig.4).  To  simplify  the  method,  the 
fact  was  used  that  the  substrate  is  transparent  to  the  laser  radiation.  The  scheme  of  the 

experiment  is  shown  in  fig.3  .Such  original  technique  was  used  for  a  first  time. 

Mear  field  of  lasers  was  studied  to  investigate  a  possibility  of  “spot  lasing”.  Typical  picture  of 


near  field  is  shown  in  fig.5. 
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Fig.  3  Scheme  of  the  investigation  of  the  Fig  4  Intensity  of  the  scattered  radiation 

scattered  radiation  along  the  laser  stripe  along  the  laser  stripe 
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Spectral  investigations  with  a  spatial  resolution  has  been  used  to  compare  spectra  of  difleient 
transverse  modes.  For  this  purpose  radiation  from  different  parts  of  the  laser  far  field  cut 
and  analysed.  Corresponding  spectra  of  the  central  part  of  the  far  field  and  one  of  its  edge  are 
shovwi  in  fig.  6. 


i. .  (nn  A,  mn 


Fig.6  Lasing  spectra  measured  in  two 
Fig.  5  Near  field  of  the  laser  radiation  different  directions 

Results 

The  main  peculiarity  of  the  spectra  shown  in  fig.  1,2  is  the  equal  distance  betwc^i  'observed 
modal  groups  which  could  hardly  be  explained  for  multimode  “spot  lasing”,  spectral 
interval  between  groups  was  independent  from  the  cavity  length  and  temperature  in  wide 
ranges.  Modal  groups  have  different  threshold  current.  In  the  case  of  equal  waveguide  jmd 
output  losses  it  means  that  the  ratio  of  the  corresponding  modal  gains  changes  with  current. 

The  spectral  interval  between  longitudinal  modes  significantly  (12%)  differs  in  these  modal 
groups.  For  example,  one  modal  group  of  the  570  pm  long  laser  has  1.89A  modal  interval,  while 
the  next  one  has  it  equal  to  2.16A.The  difference  makes  it  impossible  for  them  to  have  equal 
optical  round  trip  path  within  the  cavity.  Spectral  location  of  modal  groups  changes  wth 
temperature.  The  dependence  is  superlinear,  and  does  not  coincide  with  the  temperature  drift  of 
the  lasing  line(s)  or  changes  in  GaAs  bandgap. 

Concentration  of  photons  along  the  cavity  was  close  to  a  constant  for  all  observ'ed  lasers.  In  the 
wise  of  coupled  ca\nties  or  some  internal  reflectors  this  value  must  vary.  Near  field  of  the  lasers 
was  found  to  be  iiomogenous.  No  spots  and  separate  channels  of  la:;ing  were  observ’ed. 
However,  tlie  lasers  emit  radiation  wi<h  different  spectra  in  measured  in  diverse  directions.  This 
is  an  unconditional  proye  that  these  spectral  groups  belong  to  dificrent  transverse  modes. 

Discussion 

TIic  characteristic  period  of  5  nm  in  em-ssion  spectra  (tontcl  cotrespond,  for  instance,  to  20  pm 
long  extra  cavity  inside  the  basic  one.  However,  it  observed  at  least  in  longitudinal 
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direction.  As  it  follows  from  the  temperature  dependence,  it  can  not  be  connected  with  any 
crystal  size  Otherwise  it  should  depend  on  temperature  as  a  linear  (unction.  On  the  other  hand, 
different  optical  paths  or  effective  refractive  indexes  bespeak  that  these  groups  of  longitudinal 
modes  belong  to  different  transverse  modes. 

In  this  case  it  is  necessary  to  explain  why  transverse  modes  have  so  different  gain  spectra. 
Obviously,  transverse  modes  are  gained  by  separate  groups  of  QDs,  ha\'ing  different  pumping 
levels.  So,  in  the  absence  of  coupled  cavities  and  separate  charnels  of  lasing  located  along  the 
stripe  inhomogeneous  CW  pumping  directs  to  the  breakdown  of  the  emission  spectra  into 
several  independent  groups  of  longitudinal  modes. 

Similar  structure  of  the  spectra  was  observed  in  DHS  lasers  but  under  pulsed  pumping  [6], 
leading  to  dynamic  inhomogeneous  pumping  in  the  transverse  direction. 

Conclusions 

Thus,  it  has  been  shown  that  different  transverse  modes  are  based  on  different  groups  of  QDs 
and  have  different  gain  spectra.  The  necessary  condition  for  such  situation  is  a  Significant 
channeling  of  carriers  in  transverse  direction.  It  is  possible  because  of  limited  transport  of 
carriers  between  QDs  in  such  laser  heterostructures  at  room  temperature. 
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1,  Introduction 

In  the  field  of  the  long  wavelength  lasers  on  the  base  of  InAs  great  progress  was 
achieved  in  the  last  few  years  [1],  but  working  temperature  and  quantum  efficiency 
of  these  lasers  stayed  much  lower  than  for  lasers  working  on  the  shorter  wavelength, 
less  than  1.5  gm  [2].  It  was  shown  that  Auger  recombination  determined  their 
maximal  working  temperature,  but  this  did  not  explain  the  low  quantum  efficiency 
of  these  lasers  at  low  temperatures  77K).  One  peculiar  feature  of  this  laser 
material  is  that  band  gap  (£1^)  and  the  spin-orbital  splitting  (A)  have  n<Mi’ly  the 
same  value.  Due  to  this  b^d  structure  the  intervalence  baud  absorption  (IVA)  has 
to  be  much  stronger  at  the  laser  wavelength  than  for  lasers  on  InGaAsP/InP,  where 
it  is  important  loss  mechanism  [3|. 

2.  Theoretical  model 

We  studied  absorption  due  to  transitions  between  the  split-off  band  and  the  heavy 
and  light  hole  bands,  and  compare  the  IVA  with  gain.  Four  band  Kane  model  was 
safely  used  for  calculation  of  the  band  structure,  because  the  wavevectors  of  all 
particles  involved  were  small.  We  applied  the  projection  operator  technique  [4]  and 
the  following  expressions  for  absorption  coefficient  were  obtained: 

For  transitions  between  split-off  band  and  heavy  hole  band  {process  I,  it  takes  place 
when  hu}  >  A): 
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For  transitions  between  split-ofF  band  and  light  hole  band  (process  2,  it  takes  place 
when  hu>  <  A): 


llEl  +  204 A  +  6A^ 


Where  A  =  rn^  =  or  mz.  m/.,  mz,  m,„  are 

hole  masses  for  heavy  holes  and  split-off  bands,  Ck  is  h  des  Fermi  level,  w  is  the 
light  frequency  and  other  symbols  are  standaxt  .  These  expressions  coincide  with 
the  relevant  formulae  from  the  paper  (5]  in  the  ce^e  of  the  nondegeuerate  holes.  It 
can  be  shown  from  (1)  that  maximum  value  of  the  IVA  is  nearly  independent  on 
temperature  and  is  function  of  hole  concentration  only.  It  can  be  seen  from  (1) 
and  (2)  that  absorption  due  to  proce.ss  1  when  it  exists,  is  more  than  ten  times 
stronger  than  absorption  connected  with  process  2  due  to  higher  density  of  states. 
To  estimate  influence  of  the  IVA  on  the  properties  of  the  long  wavelength  lasers  we 
compare  absorption  due  to  process  1  with  gain  (g)  (The  expression  for  gain  is  taken, 
from  [6]).  If  we  disregard  Ferrai-factors  that  are  near  the  same  in  both  cases  we 
obtain  for  the  ratio  ff/a: 

jr_  _  2  Eg  /gx 

<”5W-AmS‘  . 

K  wc  take  ?iw  =  Eg,  we  obtain  for  InAs  at  77  K  g!cx-=-\.\.  This  great  value  of 
the  IVA  follows  from  the  higher  reduced  density  of  states  for  transitions  between 
heavy  bole  and  split-olT  bands  ^han  for  trar.  iitions  between  valence  and  conduction 
bands.  This  factor  compensates  small  va^io  (/iw  —  A) /Eg,  iuat  appears  because 
processes  of  the  IVA  are  forbidden  in  the  F-point  of  the  Brillouine  zone.  So  IVA 
heavily  influences  not  only  quantum  efficiency  but  also  the  threshold  carrier  density 
for  long  wavelengh  lasers.  Frequency  depenaence  of  the  IVA  in  InAs  due  to  process 
1  and  2  is  presented  on  the  Fig.l.  Curves  l,i',3,3'  correspond  to  expression  (1) 
received  in  the  first  approximation  at  the  parameter  7  —  {llu}~  A)/A  <<  1.  Curves 
2, 2' ,4,4'  were  calculated  in  the  strict  Kane  model.  The  carrier  concentrations  were 
6  •  10^'^cm"^  -  curves  1,1', 2,2'  and  3  •  -  curves  3, 3', 4,4'.  It  is  evident  that 

IVA  can  be  important  only  if  hoj  >  A  when  the  absorption  process  from  the  h^’avy 
hole  band  takes  place. 

3.  Results  and  discxission 

Wc  investigate  the  influence  of  tiie  IVA.  on  the  t.lu-esliold  current  a.nd  quantum  effi¬ 
ciency  for  heterolo-sers  with  active  layer  from  InAs,  We  assume  slandart  structure 
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with  InAs  active  layer  with  thickness  cJ  =  0.8  -  l.Spra  and  InAsSbP  cladding  [1]. 
Calculation  are  fulfilled  for  laser  length  L  =  0.03  —  0.09cm.  We  disregard  all  otbei 
optical  losses  besides  output  losses  and  losses  due  to  IVA  and  calculato  the  thresh¬ 
old  carrier  concentration  from  the  usual  equality  between  gain  a.nd  total  losses  on 
the  frequency  wliere  effective  gain  (5  -  «)  has  maximum.  Quantum  efficiency  is 
determined  as  raiiio  of  output  losses  to  total  osses.  In  InAs  the  value  oi  spin-orbPal 
splitting  is  nearly  independent  on  temperature  (we  accept  it  value  0.39  eV).  Band 
gap  of  InAs  depends  on  temperature  approximately  lineary  from  0.41  eV  at  77  K 
till  0.35  e\'  at  300  K  [7].  So  in  the  temperature  range  150-200  K  A  and  are 
nearly  coincide.  That  gives  a  number  of  peculiarities  on  the  threshold  current  and 
quantum  efficiency  characteristics.  External  quantum  efficiency  ss  function  of  the 
^teiriperature  is  presented  on  Fig.2  for  thickness  of  active  layer  0.8  /rm  and  1.5  ^m 
and  for  laser  length  0.03  cm  ard  0.09  cm.  The  minimum  at  temperature  100  -  160 
K  could  be  seen  for  all  design  parameters.  It  should  be  underlined  that  IVA  absorp¬ 
tion  increases  not  only  due  to  increase  of  the  carrier  ccmcentration  but  also  due  to 
displacing  of  gain  maximum  through  the  IVA  spectrum  with  temperature  growth. 


We  also  calculated  temperature  dependences  of  threshold  current  density.  Only 
radiative  recombination  [8]  and  Auger  recombination  [9]  were  taken  into  account. 
It  occurs  that  for  all  temperatures  the  nontadiative  current  is  bigger  then  radiative, 
at  77  K  the  radiative  component  is  near  one  half  of  the  uonradiative  one  and  only 
one  tenth  at  155  K.  The  calculated  dependencies  of  the  threshold  current  density 
on  temperai.ure  for  different  heteroslructures  on  base  In.As:  1-  d=0.8  fitn,  L=0.03 
cm;  2  -  1.5  /im,  L=0.03  cpi;  3  -  d=1.8  /im,  L-*  00;  triangles  -  experimental  data 
from  [1)  for  heterostructuro  with  the  d=  1.8  /ira,  L— »  00  are  presented  on  Fig.3. 
Threshold  current  density  contineousiy  increases  with  temperature.  Only  for  diodes 
with  greatest  output  losses  there  is  the  region  of  the  stabilization  in  the  temperature 
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region  150-200  K.  The  threshold  current  density  dependences  on  output  losses  for 
laser  with  d=1.8  pm  (luAs),  T=  77  K  are  shewn  on  Fig.4.  Triangles  are  experimental 


In  summary  we  point  out  that  the  IVA  hea\7  influences  the  threshold  current 
and  quantunfi  efficiency  of  lasers  based  on  InAs  and  can  give  anomalies  on  the  tem¬ 
perature  dependences  of  its  characteristics.  To  improve  the  characteristics  of  these 
’lasers  solid  solutions  with  Eg  <  A  must  be  used  to  exclude  IVA  processes  at  all 
temneratures. 
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Giating  coupled  surfece  emitting  semiconductor  lasers  (GCSEL)  have  many  aih'antages 
conq)aring  with  the  coinmon  Oi*es  emitting  through  the  facets  [1,2].  One  of  the  main  advantages 
of  such  lasers  is  large  emhting  surfece  and  high  output  aperture.  This  results  not  only  in  the  low 
output  beam  divergence  [2]  but  also  in  lifting  of  the  fundauiental  limit  for  laser  output  power  set 
Ity  ‘catastrophical’  degradation  of  the  laser  fccets  [3].  The  usage  of  diflS-action  gratings  for  the 
feedback  and  for  the  radiation  output  allows  one  to  get  tingle  mode  laser  generation  with  narrow' 
Imewidth  [4]. 

The  main  disadvantage  of  GCSEL  is  the  tignificant  decrease  of  the  laser  efficiency 
because  of  diflraction  of  radiation  into  substrate  [3].  It  must  be  noted  that  sometimes 
o'der  gratings  are  used  for  the  eedback  because  of  the  technological  difficulties.  In  this  case  laser 
efficiency  is  lowered  also  by 
the  radiation  loses  in  the  first 


order  of  diffiracUon  [5,6].  Both  ^ 

these  problems  can  be  solved 

by  placing  the  Bragg  reflector  / 

(BR)  under  the  waveguide 

layer,  hi  i^ite  of  iqiparent 
tinqilicity  of  the  described  way 
authors  of  [7-10]  ne^ect  the 

[i 

d 

iciiiuuiid  uciwvcxk  ms  - 1 

- 

wave  diffiacted  directly  in  air  — -  - — DBR 


and  the  other  one  dififracted  . .r,,  .i. — I - '  — I — : - ZL. . . 

into  substrate  and  refiecteil  by  Sabstfctte 

the  BR.  hi  this  paper  the  rigo-  Fig.l  .  To  uclculations  of  phase  relations  in  the  system 

waveguide  >  surfiice  grating  -  multilayer  Bragg  reflector. 
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rous  calciiktiuns  of  tile  named  relations'^  are  carried  out  and  the  analysis  of  the  found  effects  in 
respect  to  use  in  laser  diode’s  construction  is  done. 

Let  us  consider  dilSractioii  of  the  waveguide  mode  on  tlie  surface  grating.  The  wave 
diffiacted  under  the  angle  6b  is  the  superposition  of  two  waves  (Fig.  1).  The  jSrst  is  diffracted 
directly  in  the  air  under  the  angle  6b  with  the  amplitude  Ao  and  die  second  is  diffracted  hito  the 
substrate  under  the  angle  0\.  and  reflected  by  the  BR  with  resulting  amplitude  Ai.  We  ^all 
considei  the  ‘negative’  diffraction  angles,  ie.  the  angles  corresponding  diffiaction  ‘back’. 

The  phase  difference  between  these  ^vo  waves  oi  is  (Fig.  1) 


where  -  is  the  effective  refractive  index  for  weveguide  mode,  n  -  the  ‘average’  waveguide  and 
cladding  layers  refractive  index,  d  -  is  the  distance  from  the  grating  to  BR,  Ko  -  is  wave  vector  of 
the  li^t  in  vacuum,  and  (^,)-  is  the  phase  of  reflection  from  the  BR. 

When  «  0  the  phase  difference  can  be  v/ritteu  as  follows: 


~  IdnK^-^ b,(p^  (0). 


(2) 


One  can  see  (Fig.2)  the  frequency 
of  Bragg  interference  on  BR  tlie 
phase  A?)*  (9,)  slightly  dqiends  on 
angl-^  6\  [11].  At  tlie  Bragg 

frequency  of  BR  when  =  0  phase 
difference  is  equal  0  or  ji  depending 
on  the  order  of  layer  alternation 
[11]. 

The  resulting  intensity 
l--\Af,+A^^  depends  on 
difference  of  phases  of  waves  Ao 
and  Ai.  In  other  words,  BR  can 
increase  or  suppress  diffraction 
output. 


-40  -30  -20  -10  O  10  20  30  40 


Incidence  angle,  deg. 

Fig.2.  Reflectivity  rjid  phase  of  refection  from 
AlAs/GaAs  12  period  BR  with  GaAs  as  the  first  and 
the  last  media  for  A.o=0.9p.m 
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bu^ut  Grating 
Wa\'«^iide 


It  is  important  to  note  that  the  wave  incident  on  the  su’i&ce  grating  is  dififractmg  parti y  ‘in 
air*,  in  waveguide  mode  and  K  \  ^  h 

on  BR.  lids  allows  to  \  \  \  \ 

ccnstnict  the  high-efficiency  _  V.\JV  V 

second  order  distributed  Bragg  — - — . . . Output  Grating 

reflector  laser  diode  with  ^ - 

di£&action  output  through  the  - — - - - 

first  order  surfiice  grating.  To  .  ~ 

use  the  monoKrical  epitaxial  _ 

structure  with  multilayer  BR  to  —  '  — '  -  - 

increase  the  diffiaction  output  —  — '  _ 

of  this  laser  diode  and  to  Substrate 

suppress  the  first  oMer  diflErac-  ^^jg-3.  Proposed  construction  of  laser  diode 

tion  in  air  on  the  distributed  Bragg  reflector  {Fig.3)  looks  like  a  very  promising  idea.  The  step  of 

suifece  grating  used  for  feedback  can  be  written  as: 


Substrate 


“1  -  »  „ 

*0 

And  the  period  oi  the  grating  used  for  diffiaction  output  obeys  the  relation: 

^  2-/r 

To  suppress  the  radiation  losses  in  the  first  order  on  the  distributed  Bragg  reflector  and,  at 
the  same  time,  to  enhance  the  output  through  the  other  surfiice  grating  the  phase  increment  of  the 
normally  diffracted  wave  must  differ  from  the  one  diffracted  at  the  angle  ft  on  (2ml-l)7r,  where  m 
is  integer.  This  condition  using  (1)  and  (2)  can  be  rewritten  as  Mows: 


TdN^Kff  sin  ft,  +  ^  ~  y  ^  =  (2m  +  l);r 

When  ft  is  little  and  aD  the  addends  in  (5)  are  negligible  comparing  to  the  first  one.  When 
m  -■  0,  «  n  (5)  can  be  transformed  to: 
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vv^lere  X  is  wavelength  of  light  in  material^ 

la  other  words,  for  the  eagle  Ox  ~  5"  the  waveguide  thicfaiess  d  is  about  2.5  times 
v/aveleagth  of  hght  in  the  materiaL  For  GaAs/AlGaAs  (X  =  0.9  |rm  .  «  3.5)  laser  diode 

whh  the  angle  of  output  the  angle  of  diffraction  ‘intb  substrate’  A  «  5®.  In  this  ease 

condition  (5)  can  be  satisfied  when  d«0.6jtm, 

The  work  was  done  under  financial  support  of  the  Russian  Foundation  for  Basic  Research 
(grant  #96*02-17836-3).  ; 
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Lasing  via  the  exciton  ground  state  in  three-period  verticaily  coupled  InGaAs/GaAs 
quantum  dots  :s  realized  for  vertical  cavity  lasers.  The  structures  include  selectively 
oxidized  AlO  current  apertures  and  AlO/GaAs  reflectors.  Experimental  devices  emit 
near  1.0  pm  and  operate  continuous  wave  at  20°C  with  threshold  currents  below 
200  pA  and  peak  power  conversion  efficiencies  exceeding  10  percent. 

1.  Introduction. 

Since  the  first  realization  of  lasing  in  self-organized  quantum  dots  (QDs)  [1,2],  an 
explosion  of  interest  in  the  area  of  QD  lasers  occurred,  as  their  characteristics  tue  expected  to 
overcome  ones  for  best  quantum  well  (QW)  devices.  Very  advantageous  is  the  application  of  QDs 
to  vertical  cavity  surfece  emitting  lasers  (VCLs),  as  the  lasers  based  on  single  QD  can  be 
potentially  formed.  In  conventional  planar  VGLs  the  spectral  gain  width  of  the  QW  active  region 
is  larger  Uian  the  free  spectral  range  of  the  high  finesse  axial  microcavity  (see  Fig.  1  inset).  Only  a . 
fraction  of  the  avmlable  QW  spectral  gain  is  efficiently  utilized.  As  the  dimensionallity  of  gain 
elements  is  reduced  from  QWs  to  QDs,  material  gain  dramatically  increases,  and,  moreover,  band 
•  filling  becomes  more  efficient  and  diflerential  gain  increases.  Ideally  the  injected  carriers 
concentrate  into  matched  atomic  k-states  and  produce  gain  at  a  single  energy.  Tlie  spectral 
linewidth  of  QDs  is  determined  primarily  by  vaiiations  in  QD  size,  while  the  true  S-tiinction  like 
density  of  states  can  be  realized  for  single  QD  structures.  The  potential  application  of  single  QD 
VCLs,  on  the  other  hand,  can  be  limited  by  very  small  over'ap  between  the  QD  and  the  lightwave, 
which  can  make  the  modal  gain  insufficient  to  overcome  losses.  Previously  reported  QD  VCLs 
[2-4]  are  in  feet  based  on  arrays  of  individual  QDs.  Even  when  stacked,  the  dots  ai  e  slectronitally 
uncoupled  and  each  has  its  own  set  of  energy  levels.  A  fiirther  improvemsni  in  cptical 
Confiiiement  and  gain  efficiency  is  expected  by  replacing  the  uncoupled  dots  with  vertically 
coupled  quantum  dots  (VCQDs)  of  uniform  size,  as  it  is  shown  for  edge-emittir.g  structures  f  SJ. 
In  a  VCQD  stack  with  N  periods,  the  ground  state  transition  split  into  a  narrow  minihand 
composed  of  N  sublevels.  Nonequilibrium  carriers  are  localized  in  the  VCQDs  and  ihus 
recombination  at  Oxide  defined  apertures  can  be  suppressed.  This  fecilitates  reduced  aperture 
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diameters,  and,  together  with  the  increased  medal  gain,  gives  the  possibility  of  a  VCL  v/ith  a 
single  VCQD  stack. 

This  paper  presents  the  first  investigation  of  VCLs  'Anth  VCQD  active  regions.  The 
VCQDs  and  VCLs  are  designed  for  emission  at  1.0  pm  and  include  selectively  oxidized  current 
apertures  and  distributed  Bragg  reflectors  (DBRs).  This  design  facilitates  a  study  of  VCL 
performance  with  a  variation  in  top  DBR  reflectance,  by  changing  the  number  of  oxidized  DBR 


A  cross-section  of  a 
fabricated  vertically  coupled  QD 
VCL  is  sliown  in  Fig.  1.  The 

epitaxial  stnictures  are  prepared 

by  solid-source  molecular  beam 
epitaxy  on  (001)  (nQ  GaAs 
substrates  as  described  in  [6], 
The  '  QDs  consist  of  self-  . 
organized  vertical  stacks  of 
InGaAs  pyramidal  islands  formed 
by  1 .2  nm  Ino.sGao.j As 
depositions  and  separated  by 
GaAs  barrier  layers  with  average 
thicknesses  of  4  nm.  The 
intrastack  carrier  wavelunctions 
overlap  in  the  vertical  direction  resulting  in  extended  state  quantum  dot  potentials.  Adjacent 
stacks  are  sufficiently  laterally  separated  to  be  electrically  decoupled.  The  area!  stack  density 

parallel  to  the  growth  plane  is  appro. ornately  4-5*  jO'®  cm'^.  The  QDs  are  centered  in  a  iX-thick 

GaAs  optical  microcavity,  whose  edges  are  doped  to  lO'^  cm‘^.  The  ends  of  the  microcavity  are 
composed  of  AlxGai-^As  linearly  graded  from  x  =  0.0  up  to  1.0.  The  microcavity  is  surrounded  by 
L^4-thick  (p)  and  (n)  AlAs  layers  followed  by  1.75?i-thick  (p)  and  (n)GaAs  current 
spreading/intracavity  contact  spacer  layers  doped  to  lO'^cm'^.  The  spacer  layers  are  followed  by  . 
DBRs  composed  of  alternating  AlAs  and  X/4-thick  C.'’As  layers.  These  lop  and  bottom  DBRs 
have  5  and  6.5  periods,  respectively.  The  AlAs  layers  in  the  DBR,  as  well  as  those  surrounding 
tin  optical  cavity,  are  selectively  oxidized  to  form  AlO.  Tlie  devices  are  fabricated  in  a  ’iianner 
similar  to  that  reported  in  [6].  For  some  devices  ,  the  top  1  or  2  DBR  periods  are  selectively  wet- 
etched  prior  to  oxidation.  The  devices  reported  here  have  approximately  square  current  apertures 
of  area  10x10  pm^ 

3.  Results  and  Discussion. 

Figure  2  shows  the  measured  (solid  lines)  and  calculated  (dashed  lines)  reflectance  of  a 
VCL  structure  before  and  after  selective  oxidation.  The  v/afers  were  not  rotated  during  growth 
resulting  in  a  lin^'ar  variation  in  layer  thickness.  Tliis  allows  a  study  of  the  affects  of  mismatch 
between  cavity  photon  mode  and  peak  VCQD  gain.  The  thicknc.ss  variation  has  minima!  affect  on 


periods. 


2.  Experimental 


Fig.  1 .  Cross-section  of  a  VCL  with  vertically  coupled  QD 
active  region  and  native  oxide  current  aperture  and  DBRs. 
Inset:  Gain  vs.  energy  for  QW  and  QD  active  regions. 
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VECOD  electroluminescence  maximum  intensity  energy.  This  was  verified  by  characterizing  light- 
emitting  diodes  (LEDs)  with  identical  coupled  QD  active  re^ons. 

'  '  ■  I  •  ■  ■  I  '  '  '  I  '  '  '  I  ■  The  calculated  reflectance 

j  '  ■; . . / . . j . .  ~  bandwidth  of  the  AlO/GaAs  DBRs 

a>  after oxidaiion  |  IS  Very  large  and  easily  covers  the 

g  h  "  range  0.9  to  I.l  pm.  As  for  VCLs 

iS  A  all-semiconductor  DBRs,  the 

©  -  '  '  ^  energy  of  the  photon  mode  is 

©  bafor-v  _  determined  primarily  by  the  optical 

_  oxfdaiio  ^  \y'  thickness  of  the  microcavity. 

The  room  temperature  (RT) 
continuous  wave  (CW)  light  power- 
°  ^  -  current-voltage  (L-I-'NO  and  power 

...  ...  ...  “"version  efficiency  (.,) 

Wavelength  (nm)  ctaraaeristics  of  a  couHed  QD 

VCL  are  shown  in  Fig.  3.  The 
Fig.  2.  Measured  (solid  lines)  and  calculated  (dashed  lines)  curves  are  for  an  experimental 

reflectance  spectra  at  normal  incidence.  structure  emitting  near  1 .0  pm  with 

•  3  periods  in  the  top  DBR  and  an 

AlO  aperture  of  about  lOxiO  prn’  The  threshold  current  is  0.27  mA  and  the  threshold  voltage  is 
1.26  V.  The  peak  y\  is  12%.  Also  shown  are  the  L-I  curves  for  stmetures  with  4  and  5  periods  in 

-  200  1 - r - 1 - r— - [- — —T - |25  the  top  DBR.  As 

^  3iopDBRperto*.^..--;;r^r^^  expected,  the  threshold 

•15-^150-  -2.0  current  decreases  to 

^  --  tielow  0.2  mA  for  a  VCL 

<  g  ®  ^  with  5  top  DBR  periods 

^  Ol.  .■  /  -  c»  but  the  relative  output 

g.  /  ~  \  ^  ~  power  drops  drastically. 

50-  /  ^ .  A  ^  The  submilliampere  ' 

n  '  Stop  DBR  periods  -  o.so  ,  ,,  f 

®  — — - - —  threshold  currents,  along 

-  0 1  ' ^  ■  I  ;  iflo  with  electroluminescence 

°  °  5  5°  ■>  °  ■'  5  measurements  from  QD 

Current  (irtA)  stmetures, 

Fig.  3.  Room  temperatu’-e  CW  L-I-V  and  power  conversion  that  the  lasing 

efficiencyforaVCQDVCLc^^^^^  ;  ,  /  proceeds  via  the  QD 

,  .  ,  ground  state  transition. 


S  top  DBR  periods 


Current(inA)  test  stmetures, 

Fig.  3.  Room  temperatu'e  CW  L-I-V  and  power  conversion  ‘"plicate  that  the  lasing 
efficiency  for  a  VCQD  VCL.  ;  ,  /  proceeds  via  the  QD 

,  ground  state  transition. 

The  output  power  is  relatively  low  because  only  a  three-period  coupled  QD  stack  is  used  and  the 
DBR  reflectance  is  very  high. 

A  portion  of  a  VCL  wafer  is  divided  into  two  pieces  parallel  to  the  thickness  gradient.  One 
of  the  pieces  is  annealed  at  700*C  for  10  minutes  in  an  overpressure  of  arsenic  before  device 
fabrication.  This  partiaUy  mixes  the  InGaAs  dots  with  the  GaAs  barriers,  resulting  in  a  blueshift  of 
the  VCQD  peak  emission  [7].  Post  growth  annealing  may  also  reduce  point  defects  and  thus 
increase  internal  quantum  efficiency.  Figure  4  shows  plots  of  RT  CW  threshold  current  versus 
pe^  emission  wavelength  for  several  VCQD  VCLs  located  sequentially  in  a  row.  The  peak 
emission  wavelength  can  also  be  interpreted  as  relative  position  on  the  wafer.  The  solid  lines  are 
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fits  to  the  data.  The  emission  wavelength  of  the  annealed  VCL  is  indeed  blueshifted  with  a  slight 

decrease  in  threshold  current. 

6.  Conclusion. 

Surface  emitting  lasers  based  on  electronically-coupled  in  the  vertical  directions  quantum 

dots  are  fabricated.  The  performance  of  the  first  experimental  VCQD  VCL  is  comparable  to  that 

ofbestQWVCLs.  .  J  . 

:  ,  A.  significant  miprovement  in 

0.8  j - ; — — I - r— T — —I  I  r~  '  n  e^flciency  is  expected  by  adding 

^  y*  AlGaAs  confining  layers  and  by 

o.e  -  °  '  /  ~  increasing  the  number  of  dots  in  , 

3  04-  edge-emitting  InGaAs- AlGaAs 

O  VCQD  lasers  emitting  CW  with  a 

1  °  *»  Bft>wn  total  power  of-1  W  [8]. 
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Noiilinearities  associated  with  room  temperature  excitons  in  semiconductor  qiiaatum 
wells  are  useful  for  all-optical  switching  devices  because  they  operate  at  moderate 
optical  powers.  The  excitonic  absorption  can  be  bleached  in  a  sub-picosecond 
timescale  by  exciton  screening  through  hght-indiiced  free  carriers.  However  the 
absoiption  recovery  tirx  is  governed  by  the  canier  population  dynamics.  The 
temporal  response  of  die  nonlinearity  is  thus  limited  by  the  carrier  lifetime  which  is 
generally  of  th'*  order  of  a  few  ns  [1],  This  constitutes  a  seriou.‘:  challenge  for  the 
fabrication  of  ultrafast  optical  devices.  Introducing  impurities  in  order  to  reduce  the 
lifetime  tends  to  smooth  out  the  excitonic  absorption  peak  because  the  pre.sence  of 
one  defect  per  exciton  volume  prevents  the  cxciton  from  being  created.  To  overcome 
this  limitation  a  promising  approach  consists  in  growing  the  samples  at  low 
temperature.  However  in  the  InGaAs/InAlAs  system  the  introduction  ot  additional 
Be-doping  is  found  to  be  necessiiry  to  further  reduce  the  carrier  lifetime,  and  the 
persistence  of  the  exciton  line  is  unclear  [2].  Another  approach  consists  in  creating 
recombination  centres  by  protor  irradiation  [3].  We  demonstrate  here  that  irradiation 
with  high  energy  heavy  ions  provides  a  very  promising  way  to  control  tlie  canier 
lifetime  irr  the  InGaAs/  InAIAs  sy.stem  witile  preserving  excitonic  propeities.  The 
nonlinear  absorption  recovery  time  was  reduced  to  an  unprecedented  value  of  1.7  ps 
v/ith  persistence  of  excitonic  features. 

Our  sample  consi.sts  of  a  33-period  lnGaAs(50  A)/InAlAs{100  A)  siiperlatticc 
grown  by  MBE  on  a  semi-insulating  InP  substrate.  The  surface  of  tiie  sample  was 
irradiated  with  Nickel  ions  of  100  MeV  energy,  with  doses  ranging  from  enr'^ 
to  lO’^  cm”^.  Figure  1  shows  the  evolution  of  the  linear  absorption  spectra  at  room 
temperatui ..  for  increasing  implantation  doses.  The  heavy  hole  (HH)  excitonic  peak  at 
1,41  pm  begins  to  broaden  at  do.ses  of  10**  cm“2  but  is  still  observable  at  10'*  cm~'^ 
dose.  For  large  implantation  doses  a  large  absorption  tail  appears,  associated  with  the 
InP  substrate.  It  tends  to  .smooth  artificially  the  excitonic  features  on  the  transmission 
spectra.  Figure  2  sho'vs  the  temporal  re.sponse  behaviour  of  the  iioiilmoar  aiisoiptinn 
associated  to  the  HH  transition,  measured  by  a  conventional  pump-prolx’  technique 
with  1.^0  fs  re.solution.  The  pump  wavelength  is  set  at  1.2  pm.  One  can  obseixe  a 
monoloiious  decrease  of  the  ahsnq  'ion  recovery  time  with  increasing  doses,  from  i.6 
ns  for  non-impli'iited  sample  down  to  1.7  ps  for  a  dose  of  10*  ’  cm  Vhe  satmaiioii 
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Fig.  1.  Evolution  of  the  transmission  speernim  for  increasing  ion  doses 
(at  room  temperature). 
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Fig.  2.  Temporal  response  of  tlie  nonlinear  HH  ahstuplion,  for  increasing  ion  doses.  The 
pilch  at  S-ps  probe  delay  i.s  due  to  a  rctlection  of  tJie  pump  on  tlie  back  side  of  Uie  suKslrate, 
which  was  not  anti-reflection  coated. 

energy  density  was  measured  to  be  about  10  pJ  a  typical  value  for  excitonic 
absorption  saturation.  No  .significant  dependence  with  implantation  do.se  was 
observed.  Similar  iesult.s  were  obtained  for  irnpiantation  of  energetic  Oxygen  ions. 

At  high  bombardment  energies  it  is  well  known  that  the  ions  get  implanted 
\'cry  deep  inside  tlie  InP  substrate  but  leave  trails  of  defects  along  their  travelling 
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direction  in  tlie  top  layers  [4J.  The  defects  can  have  a  high  carrier  capture  n-.to,  but 
have  only  a  small  density  per  unit  surface  in  each  quantum  well,  allowing  the 
persistence  of  the  exciton  line  v/hile  the  lifetime  is  reduced.  Analysis  by  ti'ansmissiou 
electronic  microscope  did  not  lean  to  any  observation  of  extended  defects.  Traps  may 
thus  be  associated  to  point  defects  (vacancies,  intcrsticials,  ...)  rather  than  structural 
ones  (dislocations). 

In  conclusion  we  have  realised  an  ultrafast  saturable  absorber  by  implantation 
of  energetic  ions  in  an  InGaAs/InAlAs  multiple  quantum  well.  This  consdiutes  a 
promising  way  for  introducing  a  controllable  concentration  of  efficient  traps  in  order 
to  conti'ol  the  carrier  lifetime  while  preserving  the  excitonic  properties  of  the 
semiconductor.  One  advantage  of  fliis  approach  is  that  the  ion  implantation  can  be 
realised  as  one  of  the  /ery  last  ste-ps  in  the  fabrication  process. 
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Further  progress  in  semiconductor  optoelectronics  is  related  to  a  great  extend  to  quantum 
dot  (QD)  heterostruetures,  used,  e.g.  a.s  an  active  region  of  injection  lasers.  Up  to  now  it  has 
been  shown  that,  the  lasers  based  on  a  single  sheet  of  QDs  [1]  demonstrate  in  the  low 
temperature  range  (up  to  150-180  K)  lasing  via  the  QD  ground  state,  low  threshold  current 
df-^sity  (Jti):  aiid  ultrahigh  temperature  stability  of  .4  in  agreement  with  earlier  theoretical 
predictions.  However,  at  higher  temperatures  electrons  and  holes  aie  evaporated  from  QDs 
resulting  in  a  decrease  in  gain  and  an  increase  in  Jth.  To  improve  the  laser  characteristics 
veriicnlly  coupled  QDs  (VECODS)  has  been  used  as  the  active  media  [2]  of  the  laser.  They**  at 
300K  was  shovm  to  decrease  dramatically  with  an  increase  in  the  number  of  QD  stacks  in  the 
VECOD[3]. 

Ii’  this  paper  we  rcfort  the  realization  of  high  power  continues  wave  (CW)  operation  of 
an  injection  laser  with  an  active  region  based  on  InGaAs  V’ECODs  in  an  AlGaAs  matrix.  CW 
output  power  as  high  as  IW  ax  room  temperature  is  realized. 

The  laser  structure  was  grown  on  (100)  Si-doperi  GaAs  substrate.  It  comprised  a  0.4  pm- 
thick  G'^INSCH  waveguide  region  confined  by  1,5  pm-thick  *\Io.4Gao.6As  emitters,  A  0.6  prn 
GaAs  contact  layer  was  grown  on  top.  Active  region  represented  a  VECOD  structure  formed 
by  successive  cycies  of  InGaAs  QD  depositions  (average  thickness  of  the  Ino.sGao  sAs  deposit 
equals  12  A  per  cycle),  separated  by  50  A-thick  Alo.isGao.ssAs  spacer  layers  at  490°C.  Each 
VFCOD  i .  thus  composed  of  10  individual  InGaAs  islands  stacked  in  the  vertical  direction.  Since 

♦Oil  l:-nc  ft  itn  A, F.  *ofTe  Institute  | 
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the  average  tliichness  of  the  AlGaAs  spacers  is  comparable  to  the  QD  height,  the  electron 
wavefjncvions  in  the  neighboring  islands  are  essentially  overlapping  and  each  VECOD  can  be 
considered  as  a  single  quantum-mechanical  object. 

Lasers  were  fabricated  in  a  shallow  mesa  stripe  geometry.  Dielectric  mirrors  were  not 
used.  The  threshold  current  density  (J,/,)  measured  for  long  cavity  lengths  (-1100  pm)  was 
-290  A-cm'^.  The  Jti,  values  for  the  four-side  cleaved  samples  where  external  lo.sses  are 

negligible,  shov;  much  lower 
threshold  current  densities  of 
about  ]  00  A-cm‘^. 
Photolumincscence  (P.L), 

electroluminescence  (EL)  and 
lasing  spectra  of  the  stmclure 
are  shown  in  Fig.  1.  In  order  to 
measure  the  PL  spectrum  of  the 
laser  structure  the  upper  emitter 
and  the  contact  layer  have  been 

850  900  950  1000  1050 

h  (nhl)  removed  by  wet  chemical 

etching.  The  spectral  position  of 

Fig.  1  Photoluminescence  (PL),  electroluminescence  the  lasing  line  at  current 

(EL)  and  lasing  spectra  for  the  QD  laser.  densities  near  the  threshold 

corresponds  to  tlte  maximum  of 

the  QD  PL  line  (1.32  eV)  recorded  at  200  W/cm^.  Due  to  the  effect  of  the  A.lGaAs  matrix  tlic 

InGaAs  wetting  layer  state.s  are  placed  at  significantly  higher  photon  energies  of  about  1.6  eV, 

thus  the  lasing  Jefinitely  occurs  in  the  range  of  QD  transition  energies.  We  note  also  that  both  the 

stimulated  and  lasing  emissions  contain  both  TE  and  TM  components  which  points  to  the  QD 

nature  of  the  emission. 

Fig. 2a  shows  the  CW  light-current  (L-1)  characteristic  of  the  lasei  at  room  temperaturo 
In  Fig.2b  the  lasing  spectra  at  different  driving  currents  are  represented.  Lasing  wavoicngtli 
moves  towards  longer  wavelengths  with  the  drive  current  inerea.se  fiiis  elfect  is  a  result  of  the 
structure  overheating  which  is  estimated  to  be  about  20"C  at  12 
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annealing,  indicating  that  QDs  are  stable.  On  the  other  hand,  this  observation  also  means  that, 
relatively  ’ow  differential  efficiency  is  not  determined  by  point  defects  due  to  low  temperature 
overgrowth  of  QD  with  AlGaAs  but  by  some  other  reasons.  Small  shiff  of  the  emission 
wavelength  on  13nm  towards  shorter  wavelengths  \ye  attribute  to  the  influence  of  the  In-Ga-Al 
interdifllision  processes. 

To  conclude,  we  demonstrated  that  lasers  with  an  active  region  based  on  VECODs  are 
stable  and  suitable  for  high-power  operation. 

Parts  of  this  work  aie  supported  by  Volkswagen  Stiftung,  INTAS-RFBR  grant  No.  95- 
618,  RFBR  grant  No.  96-02-17824,  N.N.L.  is  grateful  to  the  Alexander  von  Humboldt 
Foundation. 
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Very  fast  progress  in  operating  life-time  of  cw  room  temperature  (RT)  blue-green  lasers  based 
on  II- VT  wide-bandgap  compounds  (600  h  is  an  unofficial  record  of  Sony  Co.  to  date)  causes  the 
optoelectronic  community  to  turn  again  to  these  materials  characterised  by  a  large  difference  in 
lattice  parameters  of  underlying  binary  materials  and  the  relatively  low  activation  energy  of 
extended  defects  onset  and  development.  The  most  important  problems  are  still  attributed  to 
lowering  the  growth-induced  defect  density  to  10^  cm'^  by  developing  the  more  matured 
technology  and  accurate  compensating  the  lattice-mismatch  strain,  as  well  as  to  a  reduction  of  the  j 
threshold  current  density  along  with  shortening  the  lasing  wavelength  by  an  improvement  of  the  i 
laser  structure  design. 

This  paper  presents  the  results  of  efforts  towards  de.sign  and  molecular  beam  epitaxial  (MBE) 
growth  of  laser  structures  with  strained  short-period  superlattice  (SPSL)  waveguide,  lattice- 
matched  to  a  GaAs  substrate  as  a  whole.  The  development  of  the  strain  compensation  conception 
in  II- VI  laser  struct-  'e  design,  compatible  v/ith  non-intenypted  growth  process,  is  also  presented 
along  with  characteri.stics  of  different  injection  and  (  Optically  pumped  blue-green  RT  lasers, 

-\11  the  (Zn.Mg,Cd)(S,^e)  quantum  well  (QW)  heterostructures  were  grown  by  MBE  on 
GaAs(OOl)  substrates  with  a  GaAs  buffer  layer  growm  in  separate  lil-V  MBE  setup.  The  details  of 
MBE  growth  and  composition  control  of  quaternary  and  ternary  (ZnMg)SSe  alloys  have  been 
described  elsewhere  [1],  Special  cares  were  taken  to  control  and  stabilize  a  substrate  temperature 
(Ts)  in  the  (270-500)“C  range,  as  having  a  dominant  influence  on  the  composition  gradient  of 
sulphi/'-contained  II-VT  CO  pounds.  • 

Th'  first  RT  ZnSe-based  separate-confinement  heterostnjcture  (SCH)  consisted  of  ZnSSe 
cladding  layers,  thick  ZnSe  v/aveguide  layers  and  a  pseudomorphic  ZnCdSe  single  quantum  well 
(SQW).  The  main  disadvantage  of  this  construction  is  the  noticeable  lattice-mismatch  between  the 
ZnSe  '.vavegdide  and  GaAs  substrate  (Aa/a  ~  0.26%),  resulting  in  a  misfit  dislocations  formation 
when  the  ZnSe  thickness  exceeds  the  critical  one  (-150  nm).  An  alternative  completely 
pseudomorphic  ZnSSe/ZnCdSe  multiple  QV/  structure  showed  worse  optical  confinement.  Both 
lasers  demonstrated  RT  operation  under  the  pulse  injection  with  a  threshold  current  density  as 
high  a,s  4  kA'cm^  [2],  A  drastic  improvement  in  the  optical  and  electron  confinement  in  SCH  lasers 
has  been  achieved  by  replacing  the  ZnSSe  claddings  with  wider  bandgap  ZnMgSSe  ones,  having 
much  lower  refractive  index  and  higher  conduction  band  offset.  This  structure  norninally  contains 
the  ZnMgSSe  cladding  and  ZnSSe  guiding  layers,  lattice-matched  to  a  GaAs  substrate, .  and  a 
pseudom. ;  phic  ZnCdSe  SQW  [3],  The  lattice-matched  ZnSSe  and  ZnMgSSe  alloys  have  the  S 
composition  difference  roughly  equal  to  the  Mg  content.  Diffe.'-ent  methods  have  been  suggested 
to  grow  the  p.seudomoriihic  ZnMgSSe/ZnSSe.'ZnCdSe  SCH  laser  heterostructures  [4]:  (I)  an 
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Fig.  1.  Double-ciystal  x-ray  rocking  cim’c  of  the  ZiiMgSSe/ZnSSc/ZnCdSe 
SCH  SQW  slnicture  grown  in  Mg-shuttcr  operation  regime 

increase  in  the  substrate  temperature  for  the  active  and  waveguide  layers  with  respect  to  the 
cladding  ones,  (II)  the  ZnS  flux  variation  at  the  ZnSSe/ZnhfgSSe  interface,  and  (III)  tlie  Mg- 
shutter  operation  regime  resulting  just  in  1.5-2%  reduction  of  S  content  in  ZnSSe  with  respect  to 
the  quaternary  layer  within  the  Ts  range  of  interest  [1],  Though  the  first  two  methods  provide  the 
S  concentration  variation  necessary  for  the  lattice-matched  growth,  they  require  an  undesirable 
rather  long  grov/th  interruption  near  the  active  region^  which  may  deteriorate  the  quality  of  the 
structures.  The  last  method,  realizing  a  conception  of  macro-scale  strain  compensation,  enables 
one  to  carry  out  a  v/hole  process  without  any  intemiption.  This  regime  allowed  us  to  grow  the 
pseudomorphic  SCH  SQW  lasers,  with  the  strongly  stretched  ZnSSe  .avity  and  nearly  lattice- 
matched  ZnMgSSe  claddings.  The  double-ciy'sta!  x-ray  rocking  curve  (DXRD)  of  such  stnjcture  is 
presented  in  Fig,  1.  One  should  note  a  coirsiderable  difference  in  ZnSSe  guide  and  ZnMgSSe 
claddings  peak  position.  However,  the  flill  width  at  half  maximum  (FWFIM)  values  of  ©-rocking 
cui-ve  of  both  layers  are  as  low  as  6  arcsec.  T  he  relatively  high  composition  gradient  of  Zin'vIgSSe 
(about  450  arcsec,  i.  e.  ~  2%  of  S)  is  caused  by  Ts  variation  during  growth  using  manipulator  with 
a  non-contact-type  termocouple. 

The  elimination  of  growth  interruption,  at  other  optima)  growth  conditions,  contributes 
significantly  to  the  reduction  of  extended  defect  density  down  to  1x10^  cm'-.  This  value  has  been 
confirmed- by  p.an-view  and  cross-sectional  TEM  measurements  and  is  among  the  lowest  values 
ever  reported  [5].  These  laser  structures  demonstrated  the  RT  operation  under  the  optical  (P^,  ~ 
25  kW/cm^)  and  pulse  injection  (Jo,  =  SOOA/cm*)  pumping  at  X  -  529 

The  shortcoming  of  the  method  i.s  a  significant  compressive  strain  introduced  by  the  ZnSSe 
waveguide  into  the  top  p-ZnMgSSe;N,  whicli  turned  out  to  initiate  acceptor  compensation 
processes  during  growtli  aiid  did  not  allow  one  to  decrease  the  lasing  threshold.  The  attempts  to 
exclude  this  effect  by  introduction  of  the  asymmetric;,!  waveguide,  containing  alternatively  strained 
thick  ZnSSe  and  ZnSe  layers  on  different  sides  of  ZnCdSe  QW,  were  ineffective,  because  the 
abrupt  slres.s  variation  near  the  QW  lesulted  in  breaking  the  stuicture  during  the  laser  diode 
processing. 
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To  avoid  stress  relaxation  we 
focused  on  a  design  of  laser 
structures  with  precise  nano-scale 
compensation  of  strong 
alternating  compressive  and 
tensile  strains  in  the  constituent 
layers.  The  strained  ZnSSe 
waveguide  was  replaced  with  a 
ZnSSe/ZnCdSe  SPSL,  lattice- 
matched  to  cladding  layers  as  a 
whole.  In  this  case,  the  cadmium 
content  in  QW  is  equal  to  that  in 
the  SPSL  well  layers,  while  the 
sulphur  content  in  the  ZnMgSSe 
claddings  strictly  determines  that 
in  the  ZnSSe  barricjs.  It  is  of 
great  importance  that  this  SPSL 
can  be  easily  realized  for  the  wide 

Fig-2.  Schematic  energy  band  diagram  wltli  respecuve  strain 
ranges  of  QW  and  ZitfdgSSe  disaibulta  for  Se  laser  storaans  with  SPSL  waveguide, 

alloy  compositions  by  choosing 
the  proper  thicknesses  of  the 

constituent  SL  layers  and  using  the  only  shutter  operation  regime.  Moreover,  the  introduction  of 
SP^TL  is  expected  to  prevent  active  layer  from  the  defects  penetration  thus  increasing  the  device 
operation  lifetime. 

The  schematic  diagram  of  the  optically  pumped  laser  structure  with  the  SPSL  optical  cavity 
region  is  shown  in  Fig.  2.  The  structure  contains  0.'^!|j,m-Zno.92Mgo.o8So.i4Seo.g6,  70A'Zno.8gCdo.i2Se 
QW  bounded  with  the  21  period  (42A-ZnSo.i2Seo.8g)/(12A-Zno.ggf'do.i2Se)  SPSL  from  both  sides, 
and  top  0, 1 2nm-ZnMgSSe  layer. 
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DXRD  rocking  curve  of  this  structure 
is  presenteu  in  Fig.  3.  One  can  see  that  a 
zero-order  SL  peak  practically  coincides 
with  the  ZnMgSSe  peak,  with  both  being 
close  to  the  GaAs  substrate  peak  position, 
which  indicates  good  lattice-matching  of 
the  whole  structure.  The  composition 
gradient  has  been  reduced  significantly  by 
using  a  contact-type  tenriocouple 
manipulator. 

The  SPSL  waveguides  were 
successfully  employed  earlier  [6]  for 
decreasing  the  threshold  current  density  in 
(Al,Ga)As  lasers  The  ZnMgSSe/ZnCdSe 
SPSL  SCH  SQW  optically  pumped  lasers 
have  also  shown  significantly  improved 
optical  and  carrier  confinement  resulting  in  P*  ~  20  kW/cm^  at  A,=490  nm  (RT)  and  less  than  three 
times  increase  in  P,i,  from  77  to  300K.  One  should  especially  note  that  the  laser  structure  exhibits 
at  the  shorter  wavelength  even  lower  threshold  power  density  than  that  of  the  conventional 
ZnMgSSe/ZnSSe/ZnCdSe  SQW  structure  operating  at  520  nm.  The  respective  spectra  of  laser 
generation  (Fig.  4)  demonstrate  the  lasing  linewidth  as  narrow  as  6  meV  at  300K. 

In  conclusion,  the  RT  optically  pumped  lasers  using  alternatively  strained  ZnSSe/ZnCdSe 
SPSL  as  a  waveguide  have  been  grown  by  MBE.  The  introduction  of  SPSL  resulted  in  the  lower 
threshold  power  density  at  markedly  shorter  lasing  wavelength  as  compared  to  the  conventional 
ZnMgSSe/ZnSSe/ZnCdSe  SCH  SQVv  structures.  The  superior  optical  and  electronic  confinement 
as  well  as  convenience  of  technological  realization  make  the  proposed  design  of  laser  active  region 
very  promising  for  injection  device  applications. 

The  authors  are  thankful  to  Dr.  N.  Faleev  for  XRD  measurements.  This  work  was  supported 
in  part  by  RFBR  Grants  No.97-02-I8269,  No.96-02-i78444  and  No.96-02-]  791 1,  as  well  as  by 
Programm  Ministry  of  Sciences  of  RF  “Physics  of  Solid  State  Nanostructures”  No. 97-2014  and 
97-1035. 
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Waveguide  and  Vertical-Cavity  Optically  Pumped  Blue-G^een  Lasers  Based  on 
ZnCdSe/ZnSSe  Superlattices  and  Multiple  Quantum  Wells 

A.A.  Toropov,  S.V.  Ivanov,  T.V.  Shubina,  A.V.  Lebedev,  S.V.  Sorokin,  G.N.  Aliev, 

•  M.G.  Tkatchman,  N.D.  Il'inskaya  and  P.S.  Kop'ev 

A.F.  Ioffe  Physico-technical  Institute,  194021  St,  Petersburg,  Russia 

We  have  studied  both  theoretically  and  experimentally  the  feasibility  of  using 
alternatively  strained  ZnCdSe/ZnSSe  superlattices  (SLs)  and  multiple  quantum 
wells  (MQWs)  as  guide  and  active  regions  of  optically  pumped  blue-green  lasers. 

It  is  shown  that  a  proper  design  of  the  SL  guide  region  of  a 

ZnMgSSe/ZnSSe/ZnCdSe  separate  confinement  quantum  well  (QW)  laser  results 
in  better  optical  and  carriers  confinement  as  compared  to  the  structure  with  the 
guide  region  m,.de  of  a  respective  bulk  ternary  compound.  With  this  approach,  the 
threshold  power  density  as  low  as  20  kW/cm^  has  been  achieved  in  a  room- 
temperature  laser  operating  at  490  nm.  A  room-temperature  optically  pumped 
vert'cal-cavity  laser  has  been  demonstrated,  utilizing  a  p.68/nn  long 

ZnSSe/ZnCdSe  MQW  region  and  a  short  external  cavity. 

Currently,  the  continuous  wave  (cw)  ZnSe-based  lasers  grown  on  GaAs  substrates  may  only 
opt-  ate  in  blue-green  emission  region  from  490  to  520  nm.  The  conventional  de,:;ign  of  the 
separate  confinement  single  quantum  well  (QW)  heterostruCture  implies  a  ZnCdSe  quantum  well 
(QW)  placed  in  a  tecaary  ZnSSe  guide  layer  surrounded  by  ZnMgSSe  cladding  layers  [1).  The 
composition  of  the  quaternary  alloy  is  usually  chosei  to  match  the  lattice  constant  of  the  substrate, 
whereas  the  QW  and  the  guide  layers  may  be  pseudomorphically  strained  [2],  The  laser 
characteristics  in  this  situation  are  governed  by  two  contradictory  conditions.  On  the  one  hand,  the 
band  gap  of  the  guide  layer  should  be  small  to  maintain  the  reasonable  difference  in  the  refractive 
indices  of  the  guide  and  cladding  layers  and  thus  to  provide  sufficient  optical  confinement.  On  the 
other  hand,  this  band  gap  should  be  large  enough  to  ensure  the  adequate  band  offsets  needed  for 
the  electron  and  hole  ccrffinement  in  the  QW.  These  two  requirements  cannot  be  met 
lecbnolcgically  in  the  devices  operating  at  the  wavelength  shorter  than  490  nm  at  300  K  mainly 
due  to  the  limitation  imposed  by  the  maximum  band  gap  of  ~3.0  eV  available  for  p-doped 
.MgZnSSe  cladding  layers.  The  growth  of  a  wider  band-gap  MgZnSSe  alloy  with  the  high  enough 
efficiency  of  the  p-type  doping  still  remains  difficult. 

In  this  paper,  w^e  propose  arid  study  both  theoretically  and  experimentally  an  alternative 
design  of  tlie  laser  acti^^e  region,  based  on  the  employment  of  short-period  ZnSSe/ZnCdSe 
superlatlices  (Sl,s).  To  avoid  stress  relaxation,  attention  has  been  paid  to  precise  design  of 
alternating  compressive  and  tensile  stresses  in  the  constituent  layers  of  the  SLs.  The  strain  in  the 
stniclures  is  carefully  balanced  on  the  microscopic  level  that  allows  the  pseudomorpWc  growth  of 
high-quality  strained  SL  regions.  In  particular,  the  feasibility  of  short-period  SLs  and  extended 
multiple  QWs  (MQWs)  both  for  the  guide  and  active  regions  of  the  lasers  has  been  studied. 

The  oest  optical  confinement  in  the  devices  with  the  conventional  design  is  consistent  with 
the  guide  layer  of  binaiy  ZnSe  representing  the  lowest  band  gap  among  the  ternaries. 
Unfortunately,  the  critical  thickness  of  a  ZnSe  layer  grown  pseudomorphically  to  a  GaAs  substrate 
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is  about  1500  A,  which  is  less  than  required  for  the  optimal  waveguide  design.  Furthermore,  for 
the  laser  operating  at  490  nm  at  room  temperature  the  band  offset  of  the  hcterojunction 
ZnSe/ZnCdSe  can  not  provide  the  appropriate  carriers  confinement.  In  particular,  the  liole  offset 
in  this  case  is  estimated  as  ~30  meV  that  is  even  less  than  kT  at  300  K.  To  check  the  validity  of 
our  approach  we  have  designed  the  ZnCdSe/ZuSSe  SL  with  the  band  gap  and  refractive  index 
close  to  the  characteristics  of  ZnSe  and  estimated  its  feasibility  for  the  guide  layer.  The  entire 
structure  is  grown  by  molecular-beam  epitaxy  (MBE)  on  a  (001)  GaAs  substrate  and  con,sists  of  a 
GaAs  buffer  layer  grown  by  hlBE  in  a  separate  chamber,  0,6/mi  wide  ZnAfgSSe  bottom  cladding 
layer  with  the  low-temperature  Eg~2.95  eV  and  the  lattice  constant  closely  matched  to  GaAs,  21 
periods  of  (42  A/12  A)  ZnSo.nSeo.ss/Zno.ggCdo.nSe  forming  the  guide  layer,  a  70  A  wide 
ZnassCdo.nSe  QW,  then  21  periods  more  of  (42  A/12  A)  ZnSo.12Seo.ss/Zno  88Cdo.12Se  and  finally 
the  0.1/rm  wide  Zhh-fgSSe  top  cladding  layer.  The  ZnSo.i2Se(>.8a/Zno.s.>Cdo,!2Se  SL  is  designed  to 
have  the  average  lattice  constant  matched  to  the  GaAs  one,  which  is  confirmed  by  liigh-resoluti.on 
X-Ray  diffraction  measurements.  The  ZnCdSe  alloy  composing  the  QW  is  chosen  to  gain  the  300 
K  lasing  at  490  nm.  Estimations  show  that  the  optical  confinement  provided  by  the  design  is  close 
to  the  optimal  for  this  kind  of  structures. 

Furthermore,  the  band  structure  calculation  accounting  for  pseudomorphic  strain  in  the 
layers  confirms  that  the  hole  confinement  in  the  QW^  is  substantially  improved  as  compared  to  the 
similar  QW  with  ZnSe  barriers.  So,  the  heavy-hole  band  offset  at  the  ZnSo.r^Seo.ss/Zno.xsCdci.iaSe 
interface  is  estimated  as  108  meV,  which  is  mainly  governed  by  the  sulfur  mole  fraction  in  the 
ZnSSe  alloy.  The  bottom  of  the  lowest  heav>'-hole  miniband  in  the  SL,  taking  place  at  the  energy 
67  meV  liigher  than  the  heavy-hole  band  edge  of  Zno.8sCdo.12Se,  determines  the  hole  confinement 
which  is  about  twice  better  than  for  the  interface  ZnSe/Zno.ssCdo.nSe. 

One  more  important  characteristic  of  the  guide  layer  is  a  mobility  of  carriers  along  the 
growth  axis.  In  the  studied  sample,  the  carriers  transport  is  governed  by  tunneling  through  the  SI., 
e.g.  by  a  minibands  width.  The  calculated  miniband  widths  are  72  meV,  9  meV  and  104  meV  for 
electrons,  heavy  holes ‘“and  light  holes,  respectively.  The  small  width  of  the  heavy-hole  miniband, 
determined  by  the  large  effective  mass,  is  expected  to  make  the  heavy-hole  transport  difficult. 
However,  bottoms  of  heavy-  and  light-hole  minibands  are  aligned  in  energy  with  an  accuracy  of 
few  meV.  It  means  that  the  light-hole  transport  is  dominant,  followed  by  capture  in  the  QW  and 
energy  relaxation  down  to  the  lowest  heavy-hole  QW  level. 

The  laser  characteristics  have  been  studied  under  conditions  of  pulse  optical  pumping  both, 
at  77  K  and  300  K.  A  nitrogen  laser  with  a  pulse  width  of  8  ns  is  used  to  pump  lasing.  In  line  with 
the  caiailations,  the  laser  generation  emerges  at  473  nm  and  491  nm  at  77  K  and  300  K, 
respectively.  The  threshold  power  density  as  low  as  20  kW/cm^  is  observed  at  300  K,  which  is 
among  the  best  values  known  for  ZnSe-based  lasers  operating  near  490  nm.  Only  threefold  change 
in  a  threshold  power  density  Is  observed  with  the  temperature  increase  from  77  K  to  300  K  tiiat 
confirms  an  improved  carriers  confinement. 

The  SLs  and  extended  MQW  regions  may  also  be  used  as  an  active  region  both  in 
conventional  waveguide-geometry  lasers  and  in  vertical-cavity  lasers.  In  the  former  case,  the  SL 
region  works  also  as  a  guide  layer.  Note  that  the  early  ZnSe-based  lasers  comprised  ZnSe/ZnCdSe 
MQWs,  serving  as  an  active  region  and  guide  region  simultaneously,  A  drawback  of  these  devices 
was  a  considerable  defect  density  resulting  from  strain  relaxation  in  the  MQW  active  region  In  the 
framework  of  our  approach,  it  is  possible  to  design  and  grow  the  heterostructures  vrith  low  defect 
concentration,  which  comprise  coherently  strained  thick  MQW  regions.  In  particular,  a  068,um 
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long  ZnSSe/ZnCdSe  MQW  region  with  die  total  thickness  of  Zno.s2Cdo.i8Se  material  as  large  as 
0 1 5//m  has  been  coherently  inserted  in  a  Zn^^gSSe  thick  layer.  The  QW  region  of  this  structure 
consists  of  30  pairs  of  (170  A/50  A)  ZnSo.iSeo.o/Zno.gaCdo.igSe.  As  a  whole,  this  region  exhibits 
compressive  strain  due  to  some  lattice  mismatch  with  the  GaAs. 
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Fig.l  Absoqition  and  PLE  spectra  measured  in  ZnSSe/ZnCdSe  MQW  samples 


Optical  properties  of  this  structure  have  been  studied  both  in  as-grown  samples  and  in  free 
films  with  a  chemically  removed  substrate.  Figure  !  demonstrates  absorption  spectra  measured  in 
the  free  films  at  different  temperatures.  A  sharp  excitonic  spectrum  is  clearly  defined  up  to  300  K, 
confirming  high  quality  of  the  structure.  The  dashed  curve  in  Fig.  1  represents  a  low-temperature 
phololuminesccnce  excitation  (PLE)  spectrum,  measured  in  the  same  sample  before  removing  the 
substrate.  The  removal  of  the  substrate  does  not  result  in  additional  defects,  but  rather  leads  to 
some  redistribution  of  strain  inside  the  structure.  In  particular,  it  leads  to  a  slight  shift  (~8  meV)  of 
the  heavy'-hole  excit’on  peak  and  a  larger  shift  (-15  meV)  of  the  light-hole  exciton  energj',  in  good 
agreement  with  the  strain  and  band  liiie-ups  calculation. 

The  laser  generation  under  optical  pumping  has  been  observed  in  both  types  of  samples  up 
to  300  K.  A  conventional  waveguide-geometry  lasing  has  been  realized  in  the  cleaved  as-grown 
samples.  Vertical-cavity  lasers  have  been  fabricated  by  inserting  the  free  film  into  a  short  external 
cavity  formed  by  the  sample  surface  from  one  side  and  a  thin  quartz  plate  with  evaporated  metallic 
mirror  from  the  other  side  Tlie  waveguide-geometiy’  lasers  display  the  threshold  power  density  of 
1 1  k,W/cm^  at  77  K  and  of  ~22  kW/cm^  at  300  K  The  thresholds  for  the  vertical  cavity  lasers  are 
65  kW/cm^  and  1  i  0  k\V7cm‘  at  70  K  and  300  K,  respectively 
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Fig.2  Spectra  of  laser  generation  in  vertical -cavity  and  waveguide-geometiy  lasers 

Figure  2  shows  the  spectra  of  laser  generation,  measured  at  77  K  (a)  and  300  K  (b)  under 
conditions  of  pulsed  optical  pumping.  The  solid  curves  represent  the  spectra  of  the  surface 
emitting  lasers,  whereas  the  dashed  curves  correspond  to  the  waveguide-geometry  lasers.  The 
excitonic  absorption  pegk  is  also  displayed  in  Fig.  2  by  the  dotted  curves.  The  wavelength  of  the 
lasing  is  almost  the  same  for  both  types  of  samples  at  300  K,  but  differs  noticeably  at  77  K.  So, 
the  spectra  in  Fig.  2  (a)  display  the  detuning  of  the  laser  line  from  the  exciton  absorption  peak  of 
about  38  meV  for  the  waveguide  samples  and  of  23  meV  for  the  surface  emitting  lasers.  The  tatter 
value  is  less  than  the  LO  phonon  energy  (~32  meV)  that  neglects  the  possibility  of  an  LO-phonon 
•  assisted  excitonic  gain  mechanism  and  evidences  in  favor  of  a  gain  model  based  on  a  phase-space¬ 
filling  effect  of  localized  excitons  [3], 
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II  jy  evidruf,  that  creation  of  mid-infrared  lasers  operating  at  room  temperature 
rofinires:  (i)  essrmtial  suppression  of  the  Anger  recombination  processes  at  high  t.emperatures 
t(.)  make  it  less  or  of  the  same  order  of  magnit.ude  as  t!ie  radiative  recombination  rate, 
(ii)  essential  supjn'ession  ol  tlse  internal  losses  for  q;  to  be  smaller  than  cv  :  Oj  <s,  o  ,  whete 

o“  are  ilu' mirror  losses;  (iii)  leakage  suppression. 

I'he  ]>urpos';  of  tlie  inescnt  i>aper  is  to  propose  a  new  fuiidameiital  airproach  to  creation 
of  mid-infrared  diode  lasers  operating  at  room  temperature  [ij.  We  will  see  below  that  within 
I  he  jjew  approach  it  is  possible  to:  (i)  considerably  suppress  tiie  Auger  recombination  rate 
(a|>[noxiinate!Y  iw  three  orders  of  magnitude)  [2|;  (ii)  suppress  the  intraband  absorption 
proc<'ss  (b}'  lw,o  ordi'i's  of  magnitude);  (iii)  comphitely  suppress  tlie  leakage  current  [1]. 

'I'he  essence  of  tlie  ner^  approach  is  the  control  over  the  Auger  rccoini)i nation  rate  (Auger 
euginecriiig)  and  over  the  processes  of  inlrabaiid  alrsorption.  We  con.sidcr  deep  quantum  wells 
foi-  Ijotli  electrons  and  holes.  The  dc'ptli  of  the  (luanturn  wells  is  enough  for  the  distance 
l)clweeu  (he  nearest  si/,c-qu;mtization  levels  for  electrons  (narncly,  tlie  ground  and  the  first 
exciti.'d  levels)  to  l;c  more  '.itan  the  effective  bandgap  width  E^  (I'hg.l) 

Eic  —  E[}c  >  E^  =  A’oe  +  Eg  +  Evih,  (f  ) 

where  A’,,-  t>f  excit/'d  size-cpiaiitizai.ion  level  for  electrons. 

I.et  us  now  consider  the  (dlCC  Auger  recombination  process  in  such  a  deep  quantum 
well  under  condition  (1):  two  electrons  localized  on  the  basic,  level  (in  the  states  “1”  and 
■‘2")  interact,  one  of  tlicm  I'ccombinijig  will)  a  hole  (slate  ‘‘3’)  and  tlie  othei'  j)assing  to  the 
liigliiy  <>xcited  state  ‘•■I"  (sec  Fig.  f).  llenceafter  Ihc  liighly  excited  eleetyon  gets  between 
tlie  .size-rjiiantizatioii  levels,  i.  e.  still  remains  on  the  ba.sic  sizc-Cjuantization  level,  bhls 
ivtjuires  the  longitudinal  component  of  the  momentum  to  change' from  y*  ~  yr  ~  x/lin/rjl)- 
to  <i.t  ^  Q  ~  yj'hnjljh.  Tlie  m<Tlianism  of  this  Auger  recombination  ju'oce.ss  is  analogous 
to  that  ill  hiiik  seniieonductors.  We  will  later  i>roYe  tiiat  tliis  process  is  threshold,  tlie  Auger 
reconiliinal.icau  rale  depo'iiding  on  temperature  exponentially. 

Now  we  proceed  to  a  more  detailed  description  of  the  Auger  recombination  process  in  a 
d('ep  quantum  well.  As  a  result  of  (  he  Coulomb  interaction  of  electrons  in  (he  states  “I”  and 
‘•v",  one  of  thc'in  recombines  with  a  hoh*  [lassnig  intci  th<’  sta.I.e  ‘  while  tiie  other  <'le(ticn 
passes  into  the  sla*e  “‘t" remaining  on  the  l>asic  •■:ize-<(uant  i// tion  le%'<'l.  .^iicli  an  .Anger 
transition  is  pc-  nhle  under  (he  coiidifion  tlia'  the  eh'cl  r<)n  ('ii.’ct  ron  ni!  eracrioii  is  stiong. 
since  t  lie  I  I'ansinil  fed  motnenl  inn 'y  is  ol  the  order  o!  Q.  d  he.  longit  ndina!  cmnpoiieiit  ol  (he 
qiiadi-inomnitum  i.s  conservetl  In  the  process;  tp  -1  ---  q,.  +  q,i.  .As  a  iv.-adl.  '.■r  i.ie  .-viiger 
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recombination  rate  we  obtain 


G  «  12(27r)®' 


<2  Ep.  Eiic  ( mi,.  T 


.0-"^  f.i  -  -1  i-') 


where  Eti,  =  2mcEgfml,  is  the  Bohr  energy,  Eqc  is  the  energy  of  ground  electron  slate, 
n  and  p  are  the  twodinienbional  concentration  of  electrons  and  holes,  and  Xg  —  . 

Thus,  we  obtained  an  exponential  suppression  of  the  Auger  recombination  process  in 
deep  quantum  wells  (14  >  Eg)  compared  to  shallow  ones  (14  ■C  Eg)). 

It  is  intcr  'sting  to  compare  what  we  derived  for  the  Auger  rate  in  a  deep  quantum  well 
(see  Eq.  (2))  with  the  expression  for  a  shallow  quantum  well,  G^.  Discarding  the  strain, 
we  obtain 

G^  I4B  Eoc  a  VS  ,n,  [m.  Eg)  V  T )  ’ 

where  I4®  and  I4®  are  tire  depths  of  deep  and  shallow  quantum  wells  respectively.  The  ratio 
(3)  is  always  less  than  1.  Assume  Eg  ~  0.4  eV,  =  0.5  eV,  14^  =  0.2  eV,  T  ~  300  K, 
a  =  50  A,  mJl  =  m/,/2,  we  derive  G^  j  ~  2  •  10“^'*,  =  m;,/2.  This  ratio  appears  to  be 
even  smaller,  since  we  have  used  an  approximate  expression  for 

V/e  have  thus  shown  that  in  deep  ejuantum  wells  there  can  be  consider'ahie  suppression 
of  the  Auger  recombination  rate  a,nd  consequent  rise  in  the  interna)  quantum  eiriciciicy  p. 

However,  the  most  valuable  result  is  that  under  the  conditions  needed  for  the  Auger 
recombination  rate  to  be  less  than  the  radiative  recombination  rate  such  a  deep  quantum 
v/ell  enables  a  considerable  suppression  of  the  intraband  absorption  process. 

■  The  mechanism  of  the  intraba,nd  absorption  is  a.ppreciably  different.  The  absorption  of  a 
photon  is  only  possible  when  phonons  or  impurities  participate,  i.  e.  the  process  only  occurs 
in  second-order  perturbation  tiieory. 

In  the  process  of  scattering  of  an  electron  on  a  AG-phonon  and  with  account  of  lief.  [3] 
we  deduce  for  the  intraband  ab.sorption  factor  a{ 

■’  he  ^  (7.  \u:  J  . 


where  a^j  is  the  electron- phonon  interaction  constant  (Frochlich  constant),  moreover,  arj  <i1. 
1;  huo  is  the  energy  of  iO-phonon.  For  MI -V'  compounds  we  have  0.01  <  o  <  0.1.  vVe  should 
compare  the  expression  obtained  for  a{  (4)  with  that  for  tlie  iutraband  absorption  f.tctor 
in  a  shalk*w  quantum  well  0/  (see  (??)).  Neglecting  the  strain  and  assuming  I';' 

/iiu  =  Eg,  we  have 

cv/  ^  Qc/  ^  (hiOoEg)^^^  _a 
•  of-  4v/2;r  I4®  Ci  Xg 

This  ratio  is  always  much  less  than  unity.  Using  the  same  j)a.rameterH  as  in  estimating  th(> 
relationship  (3),  and  with  account  of  the  fart  that  cVe/  ~  3  •  10”^,  we  obtain  j oj- 
I  •  10“'^.  In  such  a  structure  the  internal  losses  are  therefore  mudi  less  1  iian  those  on  minors. 
exj  <C  a*.  Assuming  a*  ~  30cm“‘,  we  have  that,  at  T  ~  300  K  the  tluesbold  consent  ration 
equals  2  •  lO^^cnr^.  .41  tiie  same  value  of  the  pa.ra’neters  the  Auger  co(.'l  fir  lent,  arrording 
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to  Eq.  (2),  is  6*4  =  G^lri^p  =  2.4  •  10”’’  cm^js.  Thus,  the  Auger  recombination  rale 
equals  C®  1.92  ■  10^®  cm“^s“’.  Consequently,  the  Auger  recombination  current  equals 
JA,th  ^  31  A/cm^.  Under  the  same  conditions  wc  have  Jn^th  OSA/cnr,  and  the  leakage 
current  is  almost  zero.  The  thre.shold  current  density  J(/,  of  lasers  based  on  quantum  well 
does  not  therefore  exceed  130A/cm^.  Then,  7?  >  50%.  This  means  that  such  a  laser  can 
operate  at  room  and  even  higher  temperatures. 

Fig.  2  shows  the  temperature  dependence  of  the  Auger  current  Ja  and  the  radiative 
current  for  lasers  based  on  deep  quantum  wells.  The  radiative  current  varies  linearly  with 
temperature;  the  Auger  current  is  an  exponential  function  of  temperature.  Nevertheless,  at 
T  =  300K  we  have  Jaju  <  JR,tk- 

We  have  only  considered  the  case  of  intrahand  absorption  by  holes  and  of  CHCC  Auger 
process.  All  the  obtained  conclusions  are,  however,  valid  for  the  case  of  holes. 

It  is  important  that  the  materials  most  appropriate  for  creating  mid-infrared  lasers  based 
on  deep  quantum  wells  are  the  type-II  heterostructures  with  quanl-ira  wells.  These  structures 
enable  independent  control  of  the  distance  between  two  size-quantization  levels  for  electrons 
and  holes.  It  is  therefore  possible  to  suppress  the  processes  of  Auger  recombination  and 
intraband  absorption  for  electrons  and  holes  simultaneously  in  type-II  heterostructures. 
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THEORETICAL  ANALYSIS  OF  AUGER  RECOMBINATION 
MECHANISMS  IN  SEMICONDUCTOR  QUANTUM  WELLS 


G.G.  Zegrya,  A.S.  Polkovnikov 
A.F.  Ioffe  Physico-Technica!  Institute  RAS 

In  thie  present  work  vje  conduct  theoretical  investigation  of  main  Auger- 
recombination  mechanisms  of  ncn-equilibrium  carriers  in  semiconductor  quantum 
wells.  It  is  shown  that  there  are  three  different  mechanisms  of  Auger  recombination 
in  quantum  wells:  (i)  titreshold  mechanism  similar  to  Auger  process  in  bulk 
semiconductors;  (ii)  quasithreshold  mechanism  characterized  by  strong  dependence 
of  the  threshold  energy  on  quantum  well  width;  and  (iii)  thresholdless  mechanism, 
v'hich  is  absent  in  bulk  semiconductors.  The  value  of  the  threshold  energy  of  the  first 
proce.is  is  close  to  tlie  value  in  bulk  semiconductors  and  more  than  it  may  be 
considerably  larger.  On  the  contrary  the  quasithreshold  Auger  recombination  rate 
slightly  depends  on  temperature  for  narrow'  quantum  wells  due  to  rather  small  value 
of  its  threshold  energy.  That  is  why  there  are  no  distinct  differences  between  the  (ii) 
and  the  (iii)  mechanisms  in  narrow  quantum’ wells  and  they  join  to  the  single 
thresholdless  process.  The  threshold  energy  of  quasithreshold  process  increases 
with  quantum  v/eli  vddth  and  saturates  near  the  bulk  value.  On  the  other  hand  the 
thresholdless  Auger  process  strongly  decreases  w'ith  quantum  well  width  and 
becomes  negligible  relatively  the  (i)  and  (ii)  processes. 

It  may  be  shown  that  the  matrix  element  of  the  Auger  transition  M  splits  to  three 
different  terms: 

M  -  A//j  +  AY,  H-  yV/j 

The  first  of  them  corresponds  to  thresholdiess  Auger  process  and  it  monotonly 
decreases  as  the  function  of  in-plane  momentum  of  the  heavy  hole  (which  is 
approximately  equal  to  the  transferred  momentum  in  the  Coulomb  interaction).  The 
second  term  corresponds  to  the  quasithreshold  Auger  process  and  has  a  maximum 
near  the  threshold  value  of  the  hole  momentum.  However  the  width  of  this  maximum 
is  proportional  to  inverse  quantum  well  thickness.  Hence  it  doesn't  coincide  with  the 
maximum  of  the  corresponding  quasithreshold  Auger  rate  for  thin  quantum  w'eils. 
The  value  of  quasithreshold  energy  is  defined  by  the  maximum  of  the  production  of 
the  squared  matrix  element  and  strongly  decreasing  distribution  function  of  heavy 
iioles.  The  first  and  the  second  term  correspond  to  the  situation,  when  the  excited 
eterdron  lays  in  the  continuous  spectrum.  The  third  matrix  element  relates  to  the 
transition,  w'hen  the  excited  electron  lays  in  one  of  the  localized  states. 

In  this  work  we  consider  conditions  of  prevailing  one  or  another  mechanism  of 
Auger  recombination.  We  discuss  here  temperature  dependences  of  Auger  rate  for 
quantum  wells  w'ith  various  thiknesses. 
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ON  GaAs  (100)  VICINAL  SURFACES  MISORIENTED  TO  THE  [0!0] 
DIRECTION 
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Hcteroepitaxial  growth  of  strained  structures  like  InAs/GaAs  in  the  Stransky- 
Krastanov  moOc  is  now  widely  used  in  order  to  obtain  quantum  dot  islands  (QDs)  which 
offer  genuine  three-dimensional  carriers  confinement.  The  formation  of  QDs  was  initially 
suggested  to  be  driven  mainly  by  the  energetics,  a  necessity  to  minimize  the  total  energy. 
However,  recently  an  important  role  of  adatom  migration  and  incorporation  /  detachment 
kinetics  in  the  formation  of  the  QDs  ensembles  has  been  shown  [  l,2i. 

In  our  work  wc  present  new  observations  on  the  importance  of  the  kinetic  effects  in 
the  QDs  formation.  V/e  have  performed  MBE  growth  of  (he  InAs  QDs  on  the  GaAs  ((X)l) 
vicinal  surfaces  mi.soricntcd  to  the  tOlO]  direction.  On  such  suifaces  there  appear  mulliatomic 
steps  going  to  the  [llO]  atid  [-110]  directions.  The  crossing  of  these  steps  may  create  on  the 
surface  a  net  of  small  terraces,  completely  separated  one  from  another  by  the  step  edges  and 
efficient  suppresion  of  the  adatom  migration  in  any  direction  along  the  surface  should  be 
expected.  Our  study  has  revealed  considerable  transformation  of  the  InAs  QDs  ensemble  with 
the  surface  misorientation  to  the  [010]  direction. 

We  have  also  performed  partial,  evaporation  of  InAs  QDs  in  UHV.  It  was  found  that 
evaporation  of  the  QDs  occurs  nonuniforraly.  The  evaporation  creates  a  crater  at  the  center 
of  QDs  with  obvious^  facetitig  of  the  inner  and  outer  walls  along  the  main  crystallographic 
planes  demonstrating  selective  detachment  kinetics. 

Experimentally,  It  have  been  performed  ambient  AFM  observations  oi  the  2.3ML 
thick  InAs  layers  MBE  grown  on  the  GaAs  (001)  epilayers  exactly  oriented  and  misoriented 
to  the  [010]  direction  up  to  6  degrees.  After  the  QDs  growth  termination  some  samples  were 
annealed  at  3.10C  in  MBE  chamber  v/ithout  As  flux. 

It  was  found  that  misorientation  to  the  [010]  direction,  indeed,  leads  to  the  creation 
on  the  surface  of  the  dense  net  of  individual  terraces  which  number  is  increasing  and  area  is 
decreasing  with  the  misorientation  angle.  The  misnrientatien  by  3  degree  already  crealc.s  the 
situation  when  the  adatom  iragration  between  terraces  is  practically  blocked  and  on  the  each 
terrace  QDs  grew  only  from  the  material  deposited  on  that  terrace.  The  sizes  of  QDs  and 
their  ordering  aic  now  determined  by  tlic  size  and  latcrai  distributions  of  the  terraces  on  the 
vicinal  surface.  All  that  results  in  the  suppresion  of  QDs  coalescence,  increase  in  their 
density,  reduction  of  sizes,  more  narrow  size  distribution  and  new  character  of  the  iaten!l 
ordering, 

Nonuniform  character  of  the  QDs  evaporation  wc  relate  to  (he  nonhomogeneous 
accumulation  of  elastic  strain  energy  in  QDs,  especially  near  the  interface  with  GaAs  surface. 
In  general,  evaporation  process  opens  an  additional  opportunity  for  the  release  of  the  strain 
energy  via  initial  evaporation  of  the  areas  undergoing  larger  strains.  Obseivcd  evaporation  of 
QDs  occurs  through  their  central  parts  experiencing  the  largest  strains.  Faceting  of  (he  cr  itcr 
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walJs  has  different  cliaractcrs  for  sma”  and  iiu'gc  QDs,  varies  with  misorienlation  and  may  be 
also  explained  considering  variations  in  the  strain,  distributions  ■ 

Wc  would  like  also  to  emphasize  that  complete  evaporation  of  the  QDs  leaves  the 
GaAs  surface  patterned  with  the  tiny  wells  at  the  former  QDs  positions.  The  width  of  these 
v/clls  is  smaller  than  the  base  diameters  of  QDs  and  the  depth  is  comparable  to  the  heigt  of 
the  evaporated  QDs.  Taking  into  account  recent  success  in  the  growing  of  homogenious 
ensembles  of  QDs  f3]  and  also  the  possibility  of  an  alignment  of  the  QDs  on  vicinal  surfaces 
[4],  our  findings  show  a  new  method  of  self-organized  patterning  of  semiconductor  surfaces 

on  the  nanometer  scale.  _  .  • 
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Tlie  iiiteresls  of  naiioelectronics  are  aimed  last  time  on  searching  of  new 
materials  possessing  unique  properties  related  to  quantum  confinement.  Most 
attractive  objects  among  low-dimensional  syslems  that  are  inteasively  studied 
nowadays  are  quantum  wells  (QW),  multiple  QW,  superlattices  and  other  thin 
films  based  structures. 

Langmuir-Blodgctt  (LB)  technique  is  known  to  give  a  possibility  to  obtain 
films  with  strictly  Controlled  optical  properties  and  thicknesse  down  to  monolayer. 
Optical  second  harmonic  generatioi'  (SHG)  is  one  of  the  most  effective  tools  for 
studying  tiiiii  films,  including  LR  ones.  The  main  advantage  of  this  method  is  its 
extremely  high  sensitivity  to  tlie  properties  of  surfaces,  hiterfaces  and  low- 
diinensional  structures,  llie  SHG  teeJmique  is  known  also  to  be  effectively  used 
for  studying  of  structural,  symmetrica]  and  nonlinear  optical  properties  of  LB 
films. 

In  this  paper  the  results  of  the  SHG  studies  of  metal-organic  Gd  LB  films 
are  presented. 

The  SHG  experiments  are  carried  out  using  the  output  of  the  "Mira'  and 
"Tsunami"  Ti-.sapphire  lasers  operating  at  700-^840  nm  as  the  fundamental 
radiation.  For  tlie  infrared  experiments,  the  output  of  a  Q-switched  YAGrNcP^ 
laser  at  1064  nm,  pulse  duration  of  15  ns  and  repetition  rate  of  12.5  Hz  is  used. 
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Reflected  SHG  signal  is  detected  by  PMT  and  photoncounter.  Tlie  surface 
morphology  is  controlled  by  atomic-force  scanning  microscope  “Nanoscop-3”. 

Metal-organic  Gd  LB  films  of  1-5,  2S  and  35  periods  are  studied.  Each 
period  consists  of  Gd  monolayer  placed  between  tv^  niojtolayers  of  stearic  acid. 
The  thickness  of  one  period  of  the  film  is  about  50  A.  Gd  LB  films  are  deposited 
on  24  periods  of  pure  stearic  acid  on  quartz  substrate..  3'he  structure  fabricated 
can  be  considered  as  metallic  multiple  quantum  wells  or  superlattices.  The  SHG 
response  from  the  substrate  as  well  as  one  from  the  pure  stearic  acid  films  is  shown 
to  be  small  as  compared  with  the  response  from  the  Gd  LB  films. 


0  5  l()  15  20  25  ;«  2.5  4) 

Ntyiixrr  ofpericds  in  LB  filar; 

Figure  !.  Thicknes.':  dependence  for  the  s- 
iii,  s-out  SHG  reflected  from  the  Gd  LB 
films. 

The  pronounced  thickness  dependence  of  the  SHG  intensity  in  reflection 
from  the  Gd  LB  films  (Fig.  1)  is  obtained  for  various  input  and  output 
polarization  combiniitio''s.  This  indicate  (hat  Ihe  SHG  response  is  entirely 
attributed  to  the  Gd  Inyers.  At  the  .same  lime,  Ihis  dependence  is  far  from  being 
quadratic,  that  is  typical  for  the  incohercnl  SHfJ  in  irregular  nonlinear  systems. 

The  SHCr  response  from  l  .B  film;:  appears  to  be  isotropic.  A  violation  of  the 
polarization  selection  rules  (i.e.  the  prc.sence  of  the  isofroiiic  s-polarizcd  SHCi)  for 
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Figure  2.  Pohu  ization  dependence  of  the 
SHG  intensity,  <p=0  corresponds  to  the 
s-polarized  fundamentaf  radiation. 
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the  reflected  SHG  is  observed  (Figure  2).  These  features  of  the  SHG  responds 
testify  that  the  LB  films  studied  are  inhomogeiiious  and  SHG  should  be  described 
in  terms  of  Hyper-Rayleigh  scattering. 

Transversal  nonlinear  optical  magnetic  Kerr  effect  is  studied  for  Gd  LB 
films.  Magnetoinduced  variations  of  the  SHG  intensity  are  detected  for  the  dc 
magnetic  fields  up  to  500  Gauss.  These  variations  could  be  attributed  to  the 
magnetic  ordered  structure  of  Gd  layers. 


700  720  740  760  780  800 

Fundamental  wavelength  (nm) 
Figure  3.  P-iii,  p-out  SHG  spectroscopy  measured  in  reflection 
from  the  28  periods  Gd  LB  film. 


The  optical  SHG  spectroscopy  is  carried  out  in  reflection  from  Gd  LB  films 
for  various  polarization  combinations  of  the  fundamental  and  SHG  waves.  Figure 
3  shows  the  sharp  rise  of  the  SHG  intensity  below  730  nm  and  reproducible  fine 
structure  is  observed.  It  is  known  that  the  absorption  band  of  stearic  acid  i.s  in  UV 
spectral  region.  This  the  observed  peculiarities  of  the  SHG  spectra  can  bo 
attributed  to  the  band  structure  of  two-dimensional  Gd  layers. 
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Band  tailing  in  Si  delta-doped  GaAs 

V.Ya.  Aleshkin,  V.M.  Daniltsev,  A.V.  Murei,,  0.1.  Khrykin,  V.l.  Shashkin 
Institute  for  Physics  of  Microstructures  of  Russian  Academy  of  Sciences 
GSP- 105,  Nizhny  Novgorod.  603600,  Russia: 
e-mail:  aleshkin@ipni.sci-nnov.ru 


>yc  have  investigated  the  density  of  states  of  the  conduction  band  and  electron  capture  on  deep 
states  in  Si  delta-doped  Ga.'\s  by  modified  admittance  spectroscopy  method.  Band  tails  appear  if 
Si  co.ncentratidn  in  ^-iayer  exceeds  6  x  Tlie  characteristic  sizes  of  band  tail  and  capture 

time  rise  with  ri.sing  of  Si  concentration  and  change  in  ranges  20-80  meV  and  10~*  -  10“'^  s 
accordingly  in  our  samples.  It  has  been  shown  that  the  autocompensation  is  origin  for  saturation 
of  the  free-eleclron  concentration  at  high  doping  densities.  '  . 

Deha-doped  layers  in  GaAs  were  prepared  by  a.p, .  MOCVD  in  system  Ga(CH3)3  -  AsHa  - 
SiH4  -  Hi  [  1]  at  T  ~  550  ~  650®C.  Doping  cf  GaAs  was  made  with  interrupt  of  GaAs  growth.  Bulk 
epitaxial  GaAs  was  n-  type  with  electron  concentration  n  m  10'^  cm”^  and  Hall  electron  mobility 
7  X  lO'^cm^/Vs  (300  K)  and  >  3  x  10'*cm^/Vs  (77  K).  One  electron  trap  EL2  With  concentration 
10’‘‘cm~’  in  the  epitaxial  GaAs  was  detected  by  transient  capacitance  spectroscopy.  Structures 
with  the  <i-doped  layers  were  studied  by  Hall  measurements  and  impedance  measurements  of 
the  Schottky  contact  for  frequencies  1  MHz,  10  kHz,  I  kHz  at  temperature,  range  77-360®.  The 
Schottky  contact  was  an  evaporated  aliminium  circle  500 //m  in  diameter. 

Fig.  1  shows  electron  mobility  dependence  pn  free-electron  concentration  in  the  ^-layer.  Solid 
curve  represents  dependence  obtained  by  Ploog  et  al[2],  circles  and  crosses  represent  results  of 
our  measu’ ements.  Samples  with  high  doping  densities  in  ^-layers  (>  6  x  10*^cm~^)  have  low 
mobility  (denoted  by  crosses).  Band  tails  were  f^und  only  in  such  samples.  In  these  samples 
molnlity  and  free-elecO'on  concentration  increase  with  rising  temperature  from  77  K  to  300  K. 
Be.sicles  in  .such  structures  free-electron  concentration  is  essentially  less  then  concentration  of  die 
doping  impurity  (Si).  Note  that  saturation  and  even  reduction  of  free-electron  concentration  with 
increasing  Si  concentration  in  the  5-layer  had  been  observed  formerly  [1, 2, 3].  : 

The  typical  observed  capacitance  C  and  real  part  ac  conductivity  G  of  Schottky  contact  depen¬ 
dencies  on  applied  voltage  for  structure  with  Si  concentraiion  in  5-layer  rhore  6  x  lO'-  crn"^'  are 
shQ'/.an  ill  fig.  2.  Capacitance  C(V)  depe.aderice  has  ciiaiacteristic  step-like  type  and  G(V)  depen¬ 
dence  i-ras  sharp  asymmetric  peak.  Tfie  reason  for  existence  this  peak  is  recharging  deep  states  in 
tl,e  5- layer  [4].  In  the  structures  with  Si  concentration  in  5-layer  less  6  x  lO’^crn"”  peak  on  G(V) 
dependence  was  absent  and  value  G  was  r'  few  orders  less  then  one  in  the  high  doped  structures. 

Tr.e  measured  dependencies  G  versus  temperature  for  different  applied  voltages  are  shown  ori‘ 
fig. 3  If  is  well  seen  on  fig.3  that  peak  of  conductivity  decreases  and  moves  to  higher  ternoeratures 
with  applied  voltage  increasing.  .  '  .  : 

In  order  to  describe  measured  dependencies  of  capacitance  and  conductivity  on  applied  voltage 
and  lemperature  we  have  created  numei  ical  mode!  [6].  Numerical  calculations  .show  that  if  there  is 
well  defined  peak  on  density  of  states  (for  example,  the  density  of  states  is  Gauss  distribution  with 
peak  well  separated  from  conduction  band  edge )  then  calculated  dependence  C(V)  has  well  defined 
peak  too.  But  measured  CfV)  dependencies  are  monoronic.  Iherefcre  we  suggest  that  density  of 
deep  states  in  our  structures  nionolonically  decreases  deep  into  band  gap,  i.e.  density  of  states  has 
tail.  In  uur  model  we  choose  density  of  deep  level  in  form  //(e)  --  NJio  x  exp[(e  -  Ec)/£o]. 
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Where  £  is  electron  energy,  Ec  is  energy  of  conduction  band  bottom,  is  concentration  of  deep 
stales.  Co  is  tail  depth. 

The  parameters  for  three  samples  with  different  Si  concentration  are  given  in  the  table.  The 
values  of  Aj,  Co,  ro  were  chosen  to  provide  best  accordance  measured  and  calculated  dependencies 
C  and  G  on  applied  voltage  and  temperature.  Follow  measure  units  are  used:  for  Ns  and  Ng 
—  10"  cm  '^,  for  eo  —  I  meV,  to —  10“''  s.  Note  that  sum  Ns  and  N^  is  full  concentration 
of  the  uncompensated  donors.  DX-centres  decrease  free-electron  concentration  but  don’t  change 
conceutiaiion  of  the  uncompensated  donors.  If  the  main  origin  for  saturation  of  free-electron 
concentration  is  appearance  DX-centres  [5J  then  concentration  of  the  uncompensated  donors  must 
not  decrea.se  with  increasing  of  Si  concentiaiiori.  But  data  from  the  table  show  that  both  free- 
electron  and  uncompensated  donor  concentrations  saturate  with  increasing  Si  concentration  in 
^  -layer.  Therefore  autocompensation  is  main  origin  lor  saturation  of  free-electron  concentration  in 
our  structures. 

Table 
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One  can  see  from  table  that  concentration  of  de«p  states  N^,  tail  depth  £o  and  capture  time 
To  increa.se  with  inueasing  Si  concentration  in  ^-layer.  We  suppose  that  these  results  can  be 
explained  by  sharp  ri.se  fluctuations  of  impurity  distribution  w'hen  Si  concentration  exceed  6  x 
10'’  cm“^.  The  similar  ph  nomenon  was  ob.served  in  Be  ^-dopexl  GaAs  with  using  scanning 
tunneling  microscopy  [7]. 

Tiis  work  was  supported  by  Russian  Foundation  for  Basic  Research  under  grants  95-02-05606, 
95-02-05870a. 
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Small  angle  X-ray  study  of  nanostructure  of  ultradisperse  diamond. 

M. V.Baidakova,  V.I.SikJitsky,  A.Ya.  Vul’ 

lojfe  Ff^iysicai-Technical  Inst.,  26  Polytechnicheskaya,  St.  Petersburg  194021,  Russia. 

1.  Introduction. 

The  intensive  study  of  new  nanoobjects  -  clusters  of  ultradisperse  diamond  (UDD), 
produced  by  detonation  synthesis  from  carbon  of  explosives  has  begun  recently  [1-3]. 

At  such  synthesis  diamond  nanoclusters  are  generated  at  temperatures  and  pressures 
corresponding  to  the  region  of  thermodynamic  stability  of  diamond,  and  a  cooling  rate  of  a 
detonation  product  is  high  enough  to  exclude  a  reverse  transition  diamond-graphite  after 
explosion. 

The  results  of  investigation  of  structural  phase  transition  (SPT)  in  the  UDD  clusters  at 
annealing  in  argon  were  published  in  [4].  The  investigation  of  Raman  spectra  and  X-iay 
diffraction  patterns  at  the  range  of  20  >  10®  have  shown  that  the  UDD  cluster  consists  not  only 
of  crystal  diamond  core  with  the  size  43  A,  but  also  of  a  small  amount  of  amorphous  diamond 
(sp3)  and  graphite  (sp2)  phases.  These  amorphous  phases  are  situated  on  the  surface  of  diamond 
core.  It  was  determined  that  the  relation  between  amorphous  and  ciystalline  phases  depends  on 
the  cooling  kinetic  of  detonation  product  after  explosion. 

In  the  case  of  cooling  in  gaseous  atmosphere  (“dry  synthesis”)  the  amount  of  amorphous 
graphite  -  like  phase  (sp2)  is  significantly  higher  than  at  cooling  in  water  environment  (“wet 
synthesis”).  This  fact  is  due  to  higher  probability  of  the  reverse  phase  transition  diamond  - 
graphite  after  explosion  at  slower  cooling. 

It  was  shewn,  that  the  SPT  in  UDD  begins  at  1’=900“C  i.e.  at  much  lower  temperature, 
than  in  bulk  single  crystals  of  diamond  (T-1600®C).  The  transition  begins  with  cluster  surface, 
and  the  graphite  phase  arises  as  a  set  equidistant  graphite  nanoplates  with  the  typical  size  less 
than  40A  and  the  onion-like  carbon  is  created  as  one  of  steps  of  this  transition  at  temperatures 
higher  than  HOO'^C . 

The  investigation  of  the  SPT  was  continued  in  this  work,  the  attention  was  focused  on 
structural  modification  of  amorphous  phas^'  covering  diamond  core.  The  small  angle  X-ray 
scattering  method  (SAXS)  was  used  for  the  detection  of  such  structural  modification  at  the  scale 
less  than  40A. 

2.  Experimental. 

The  X-  \y  scattering  analysis  was  carried  on  the  samples  produced  by  “wet”  and  “dry” 
synthesis  over  the  range  of  scattering  angles  0=0.5-10®,  corresponding  wave  vectors  q  were 
0,036<q<0.8(A'‘) 

The  intensity  of  the  X-ray  scattering  was  measured  in  rello  'tion  9  -  20  geometry  using  a 
D-max  RC  diffractometer  (Rigaku  Cor)  with  Cu  radiation.  It  should  be  noted  that  this 
instrument  has  high  signal-to-noise  ratio  which  is  provided  by  a  high-bnghtness  anode  with  a 
slightly  divergent  beam  (i  O').  Simultaneously  with  small-angle  X-ray  scattering  on  same  samples 
the  X-ray  diffraction  analysis  was  carried  out  over  the  range  10®<0<60®. 

Two  main  parameters  were  determined  from  the  data  on  (SAXS),  the  tj'pical  size  of  the 
scatter  and  its  fractal  dimension. 
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Fig.l ,  X-ray  di  fraction  patterns  of  the  UDD  samples  produced  by  “wet”  synthesis  and 
ar,*iftaled  in  an  argon  atmosphere  at  various  temperatures  T:  1-  no  annealing,  2  -  420“C, 

4-1 100°C.  The  scattering  for  graphite  clusters  united  in  common  network  is  demonstrated  by  the 
curve  4. 

Typical  X-ray  angle  dependencies  of  the  scattered  intensity  for  the  UDD  samples  of 
"wet"  synthesis  arc  shown  in  Fig.  1 . 

The  cur\'e  with  the  index  "1”  refers  to  the  initial  sample  of  the  UDD  (before  annealing). 
The  broad  symmetrical  diffraction  maximum  under  at  the  scattering  angle  0  =  43.86° 
corresponds  to  (ill)  reflection  of  the  cry.stallographic  diamond  lattice.  The  broad  maximum 
(galo;  is  observed  at  0  ~1  /°  and  an  growing  of  intensity  of  scattering  radiation  has  been  seen 
near  to  the  initial  beam.  In  [)]  a  suggestion  was  made,  that  this  galo  is  similar  to  its  nature  to  the 
first  sharp  diffraction  peak  in  glasses,  and  can  be  considered  as  the  manifestation  of  the 
correlated  packing  of  some  strtjctural  units.  Two  featur-’s,  which  can  be  related  to  the  diffraction 
from  the  graphite  phase,  make  their  appearance  on  the  X-ray  diffraction  pattern  at  large  angles 
for  the  UDD  samples,  annealed  under  n00°C,  (the  3rd  curve  on  Fig.l);  (0002)  graphite 
reflection  at  0  =  26.4°  and  galo  at  0  =39°. 

The  small  angle  scattered  intensity  l(q)  is  proportional  to  q"",  where  q  is  a  wave  vector. 

T  he  slope  of  the  dependence  In  l(q)  =  f(q  ’ )  defines  fractal  dimensionality  D.  Position  of 
maximum  on  I(q)  curve  allows  one  to  define  typical  size  of  a  scatterer  [5,6], 

ft  is  known,  that  fractal  dimensional  of  a  volumetric  fractal  cluster  (D)  can  be  changed 
in  the  range  from  D  =  0  to  D  =  3.  It  corresponds  to  changing  of  negative  power  a  from  0  to  3. 
For  a  surface  fractal  cluster  with  D  =  2  -  3,  a  negative  power  a  is  equal  3-4.  The  type,  fractal 
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Table.  X-ray  small  angle  data  for  the  UDD  samples  of  “dry”  and  “wet”  synthesis 
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Type  fractal 

Fractal  dimension  D 

Size  a,  (A) 

Wet  synthesis 
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420°C 
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3  Ar 
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4  Ar 
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a>44A 
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/>2.84 

0=52  A 

Ar 

420'’C 
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/>2.57 

6=52  A 

Ar 

llOO-’C 

Vol 

D=2.2 

6=29  A 

dimensionality  and  typical  size  of  scatterer  for  the  initial  UDD  samples  of  “wet”  and  “dry” 
synthesis  before  and  after  annealing  are  given  in  Table. 

It  is  seen  that  the  cooling  conditions  of  a  detonation  product  influence  the  fractal 
dimension  D.  The  scatterers  in  the  UDD  matrix  of  "dry  synthesis"  are  fractal  clusters  with 
fractal  dimension  D-2.8  and  size  a  =  50-60  A.  This  result  is  consistent  to  a  high  probabilitj'  of 
reverse  transition  diamond  -  graphite  at  the  “dry”  synthesis.  The  fact  that  the  size  of  cluster  of 
the  UDD  more  than  the  size  of  diamond  core  results  from  the  fractal  nature  of  a  scatterer.  At 
lower  graphitization  probability  (sample  of  "wet  synthesis")  the  scatterer  has  a  fractal  surface 
(the  fractal  dimension  D=2,53)  enveloping  a  diamond  core  of  44  A  in  size.  It  is  seen  from  the 
table  data  that  at  annealing  the  fractal  dimension  of  a  scatterer  for  samples  of  "wet  synthesis" 
reduces,  and  at  the  temperature  of  550°C  the  type  of  scattering  fractal  cluster  is  changed  (fractal 
clusters  modify  they  dimension  to  D=2.94,  u^lSA).  These  clusters  unite  into  larger  aggregates 
forming  a  graphite  network.  Annealing  makes  the  fractal  clusters  of  the  samples  of  "dry 
synthesis"  more  friable  and  reduces  its  dimension  to  D=^2.2,  a=30  A  for  the  annealing  at 

noo°c. 

It  would  be  emphasized  that  samples  of  two  types  of  the  syntheses  are  distinguished  only 
by  the  amount  of  amorphous  phase,  formed  on  diamond  core.  Diamond  cores  are  identical  by 
structural  parameters  and  by  size.  Consequently  the  small  angle  X-ray  scattering  occurs  on  the 
shell  covering  diamond  core.  This  shell  is  comprised  of  amorphous  graphite-iike  pliase.  From  the 
comparison  a  diameter  of  fractal  scatterer  with  the  size  of  diamond  core  it  is  seen  that  the 
thicknesses  of  shells  are  different  for  samples  produced  by  “wet”  and  “dry”  synthesis.  Oui 
evaluation  of  ifie  shell  thickness  gives  about  5A  for  the  sample  of  "diy'"  synthesis  and  less  then  1 
A  for  the  sample  of  "wet"  synthesis. 

As  can  be  seen  from  the  table  data  on  the  volumetric  fractal  scatterer  having  highly 
developed  surface  is  for^ned  after  the  annealing  at  H00‘’C  no  matter  what  was  the  type  of 
scatterer  in  initial  samples.  This  fact  conflims  the  statement  14)  that  plisse  transition  diamond- 
graphite  i.s  cau.sed  by  transformation  of  (i  1 1)  planes  of  a  diamond  core  at  this  temperature.  The 
resulting  structures  do  not  have  either  three-dimensional  ciysialiography  lattice  or  strong 
chemical  bonds  with  diamond  core  (onion-like  carbon),  so  in  terms  of  fractal  geometry  these 
Structures  are  “friable''  volumetric  fracTals. 
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To  summ?.rize  it  was  shown  for  the  first  time  that  the  surface  of  nanoclusters  of  the  UDD 
has  fractal  structure.  The  nature  of  changes  in  fractal  dimension  is  studied  during  the  structural 
phase  transition  diamond  -  graphite  in  an  inert  atmosphere. 

This  work  have  been  done  in  the  framework  of  the  gi-ant  RFBR  N  96-02- 1S>445,  at  the 
support  of  the  St.  Petersburg  United  Research  Centre.  One  of  the  authors  (V.l.Siklitsky)  has 
worked  at  the  support  of  grant  RFBR  N  97-02- 18110,  and  Arizona  University  grant. 
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Characterization  of  Si/Ge/Si  quantum  wells  based 
on  negative  capacitance  effect 
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The  electronic  and  optical  properties  of  Si/Ge  QW  structures  are  primarily  determined  by  the 
valence-  and  conduction-band  discontinuities.  The  heterojunction  band  offset  for  Si/Ge  interfaces 
has  been  investigated  by  several  groups.  Keuch  et  al  [1]  estimated  the  band  discontinuities  from 
reverse-bias  capacitance  measurements  to  be  =  0.39±0.04eV.Margariondoetal  [2]  reported 
a  valence-band  offset  of  0.2  eV  based  on  photoemission  studies,  Mahowald  et  al  [3]  obtained 
0.4  ±  0. 1  eV  based  on  the  same  technique.  Such  considerable  spread  in  values  in-data  is  due  to  the 
strain  present  in  Si  and  Ge  epitaxially  grown  layers  as  a  result  of  the  large  lattice  mismatch  between 
silicon  and  germanium.  Because  the  valence-band  offset  has  not  yet  been  accurately  determined 
experimentally,  in  this  paper  we  offer  an  additional  method  for  the  band  offset  measurements  based 
on  the  negative  capacitance  effect  studies  in  Si/Ge  QW  structures  [4],  The  samples  used  in  the 
experiments  were  grown  on  (HI)  oriented  p-type  (10  Qcm)  Si  wafers  in  Si  MBE  sy.stem  with 
two  electron  beam  evaporators  foi  silicon  and  germanium  deposition.  Prior  to  the  QW  structure 
growth,  a  90  nm-thick  Si  buffer  layer  was  grown  at  850  °C,  The  active  layers  of  the  structures 
consisted  of  3  undoped  germanium  QWs  separated  by  20  nm-thick  undoped  silicon  bflrriers  grown 
at  500  ®C.  Tlie  samples  were  distinguished  by  the  Ge  well  thickness,  which  were  5,  7, 9,  12  and 
15  nm  respectively.  Finally  a  20  nm-thick  undoped  Si  cup  layer  was  grown. 

For  the  current-voltage  (/— V)  and  capacitance- voltage  (C—V)  measurements  to  the  samples,  a 
sawtooth  signal  voltage  of  negative  polarity  with  the  amplitude  up  to  10  V  and  the  1000  s  periodicity 
together  with  sinusoid  signal  voltage  (with  ar'.plitude  up  to  5  mV  and  various  frequency  from  20 
Hz  to  100  kHz)  were  applied.  The  experimental  I-V  and  C-V  characteristics  for  Si/Ge  QW 
structure  with  12  nm-thick  wells  and  I  mm^  In  ohmic  contact  were  measured  at  98  K.  By  the  band 
diagram  designing  it  has  been  taken  into  account  that  In  work  function  is  3.8  eV,  and  Ge  and  Si 
affinities  are  4  eV  and  4.05  eV  respectively  f5j. 

We  considered  that  the  voltage  droped  acro.ss  the  buffer  layer  and  the  substrate  was  —0.75  V, 
The  estimation  of  this  value  was  made  on  the  assumption  that  the  current  through  the  substrate 
and  the  buffer  layer  is  caused  by  hole  thermoelcctronic  emission  through  the  potential  barrier 
formed  between  the  third  well  and  Si  substrate  {eip  «  0.95  eV).  The  other  part  of  voltage, 
V,u  =  -1.7V  -  (-0.75  V)  =  0.95  V,  drops  across  the  whole  active  region  of  the  QW  structure. 
The  current  th  rough  the  quantum  wells  is  due  to  the  movement  of  electrons  injected  from  the  ohmic 
contact.  Moving  over  the  potential  barrier  formed  at  heterojunction  between  contact  and  cup  layer 
ele<^-trons  are  arrived  to  the  first  well  from  the  ohmic  contact.  Because  Ge  well  width  in  our  case  is 
12  nm  and  carrier  mean  free  path  fo*^  Ge  is  10  nm  (5J  the  whole  ele{:trons  pass  through  the  potential 
barrier  and  fall  to  the  well.  Then,  due  to  the  thermoelcctronic  emission,  the  elecuons  from  tlie 
first  well  pass  the  baixier  atu-ibuted  to  the  band  discontinuity  and  come  .step  by  .step  into  the  second 
and  third  wells.  From  the  other  side  of  the  .sample,  holes  are  received  to  the  third  well,  where  a 
hole-electron  recombination  takes  place.  The  electr^ins  should  be  accumulated  in  the  QW  by  such 
carrier  transport  through  the  sample.  This  causes  a  delay  in  current  change.  The  structure  with 
inertial  conductivity  are  characterized  '  y  arising  of  negative  capacitance  [6|.  Tie  value  of  negati  ve 
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capacitance  is  defined  by  the  charge  accumulation  in  the  structure.  The  negative  capacitance  is 
given  by: 

C'neg  =  (1) 

where  is  the  change  accumulated  in  the  well  and  V  is  the  bias. 

As  it  has  been  discussed  before,  the  current  through  the  first  and  second  wells  is  due  to  the 
electron  thennoemission  and  is  described  by  the  following  equation; 

(2) 

where  ej  is  the  thermoelec tronic  emission  rate.  In  the  case  of  Boltzman  statistics,  the  emission 


rate  can  be  get  as  follows  [7]: 

UT  [  AEc-Ei\ 

(3):  1 

-  i 

“P[  kT  J 

where  k  is  tite  Boitzman  constant,  T  is  the  temperature,  h  is  the  Plank  constant,  AEc  is  conduction 
band  discontinuity  and  is  the  ground  state  energy  in  the  QW. 

According  to  the  estimation  of  negative  capacitance,  we  obtain  the  electron  concentration  in 
the  QW  N.j-  'O  be  less  than  4  x  10cm~^  and  the  density  of  states  of  ground  state  to  be  about 
3  X'  10*^cm~".  Tnus,  using  eq.  (1),  one  can  find  the  current  I  froin  the  experiment  and  estimate 
the  charge  carrier  concentration  in  the  well  Q.^.  from  negative  capacitance  measurements.  For  the 
considered  case  of  V  =  — 1.7  V,  /  ==  6  x  I0~^  A  and  6'„eg  =  10~'  F  obtained  at  tlie  frequency 
/  30  Hz  we  Itave  an  emission  rate  of  cr  =  4. 1  x  10^  s“'  and  a  disratice  between  conduction- band 

disccptinuity  and  ground  state  AEe  —  1^1  =  0.21  eV. 

Tlierefore  for  th'^Si/Ge  structure  with  the  well  width  —  12  nm,  a  conduction  band  disconti¬ 
nuity  AEc  ~  0.25  eV  was  obtained.  It  is  clear  that  to  define  a  valence-band  discontinuity  {A£J„)  it 
is  necessary  to  create  a  hole  injected  contact  to  the  QVv  structure. 

The  work  was  supported  by  Russian  State  Scientific  Pr  ograms  “Physics  of  Solid  State  Nanos- 
tiuctures"  (Grant  No.  97-1050)  and  “Technologies  and  Devices  of  Micro-  and  Nanoelectronics  for 
the  future”  (Grant  No.  1 30/57/1 ),  and  RFBR  (Grant  No.  95-02-04450). 
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Carrier  accuraiilation  in  As  cluster  contained  LT  GaAs  layers 

P-N.  Broiinkov  *,  A. V. Chernigovsky,  A.A.  Suvorova,  V.V.Chaldyshcv,  N.A,lBert, 

S.G.  Konnikov 
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Gallium  arsenide  grown  by  molecular  beam  epitaxy  (MBE)  at  low  teniperatvires  (LT- 
GaAs)  has  attracted  a  great  deal  of  attention  due  to  their  unique  properties.  The  material 
exhibits  veiy  high  electrical  resistivity  [1]  and  extremely  short  (  femtoseconds)  carrier  lifetime. 
The  major  feature  of  LT-GaAs  is  a  high  arsenic  (As)  excess  ( up  to  1 .5  at.  %)  resulting  in  a  high 
concentration  of  intrinsic  point  defects,  .such  as  arsenic  antisite  (Asoa),  arsenic  interstitial  (Asj), 
gallium  vacancies  (Voa),  and  their  complexes.  After  high  temperature  annealing  the  excess  A.s 
leads  to  the  formation  of  As  nanoclusters  built  in  the  GaAs  mabix  [  1].  At  present  two  models, 
namel}',  the  deep  level  defects  model  [1]  and  the  “buried  Schottky”  model  [2]  compete  to 
explain  semi-insulating  behaviour  of  LT-GaAs. 

In  the  present  paper,  we  apply  capacitance  spectroscopy  technique  to  study  Schottky 
barrier  structure  being  a  0.1  pm-thick  LT-GaAs  layer  sandwiched  between  two  doped  0.5  u- 
thick  n-GaAs  buffers  grown  at  conventional  temperatures  [4].  The  capacitance-voltage  (C-V) 
characteristic  of  this  structure  has  a  step-like  shape  (Fig.  la).  Tlie  width  of  a  region  of  the  quasi¬ 
constant  capacitance  is  proportional  to  the  concentration  of  electrons  (hlt)  swiped  out  frcm  LT- 
GaAs  layer  with  increasing  of  the  reverse  bias  on  the  structure  [3].  The  apparent  concentration 
profile  (Ncv-W)  calculated  from  the  C-V  characteristic  has  a  peak  at  the  depth  W  corresponding 
to  the  position  of  the  LT-GaAs  layer  (Fig.Ib),  This  behaviour  of  C-V  and  Ncv-W  characteristics 
shows  accumiiiation  of  electrons  within  and  depletion  around  the  LT-GaA.s  layer  [3],  The  width 
of^he  depletion  region  around  the  LT-GaAs  layer  is  temperature  independent  (Fig.Ib),  whence 
It  follows  that  the  full  negative  charge  located  within  the  LT-CUs  layer  is  independent  on 
temperature  too.  This  seems  to  contradict  the  fact  that  the  decreasing  of  itic  temperature  from 
370  K  to  77  K  results  in  the  decreasing  of  the  widf'  of  quasi-con.stant  region  of  the  capacitance 
from  20  V  to  4.5  V  (Fig.  In).  From  nup'cricat  analysis  of  the  temperature  dependence  of  (he  C-V 
charactcri.rtie.s  [3]  we  found  th.it  the  value  of  n,;,  is  reduced  from  1.4x10''  cm  ’  at  T  IVt)  K  to 
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Fig.l  C-V  (a)  andNcv-W  (b)  characteristics  of  the  structure  with  As 
cluster  contained  LT-GaAs  layer. 

2.6,'clO''^  cm'^  at  T=77  K.  The  activation  energy  of  this  process  EacrO.6  eV  agrees  closely  with 
the  activation  energy  of  the  main  deep  donor  trap  related  with  Asca  defect,  which  has  a  high 
concentration  in  LT-GaAs  layers  [5]. 

The  structure  of  LT-GaAs  layer  was  examined  by  use  of  transmission  electron 
microscopy  (Tf^M)  teciinique.  Cross-sectional  TEM  images  showed  that  observed  As  clusters 
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are  up  to  10  nm  in  size.  The  concentration  of  the  clusters  was  estimated  to  be  as  high  as  4x10'^' 
cm‘^  The  TEM  measurements  are  in  a  quite  good  agreement  with  the  value  of  ntr  determined 
from  C-V  characteristic  at  T=77  K  since  at  low  temperatures  electrons  freeze  out  on  deep  donor 
trap,  hence  the  full  charge  of  deep  donor  traps  is  equal  to  zero  and  does  not  depend  on  the 
reverse  bias. 

In  summary,  the  As  precipitates  formed  in  LT-GaAs  was  shovm  to  act  as  a  trap  for 
electrons. 
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In  recent  years  there  has  been  great  interest  in  the  study  of  properties  if 
heterostructures  with  quantum  dots  (QDs)  formed  as  a  result  of  the  transformation  of  an 
inherently  unstable  two-dimensional  coverages  [I].  Additionally,  it  was  shown  that  the  QDs 
may  be  used  as  sressors  to  form  next  layer  of  QDs,  if  the  tliickness  of  the  spacer  is  lower  than 
100  A  [1-4],  In  this  case  QDs  will  be  vertically  stacked,  vertically  aligned  and  electronically 
coupled  in  the  growth  direction  [3-4].  It  has  been  demonstrated  that  vertically  coupled  QDs  via 
luimeling  (VECQDs)  are  suitable  for  fabrication  of  zero-dimensional  Esaki-Tsu  superlattices 
and  cascade  lasers  [1]. 

In  this  paper  we  report  on  capacitance-voltage  (C-V)  study  of  a  structure  with  a  Schottky 
barrier  or.  a  n-tvpe  layer  containing  an  array  of  VECQDs.  The  studied  samples  based  on  I  type 
heterostructure  InAs-Ga^^s  were  grown  by  MBE  on  doped  n'^-GaAs  substrate.  Ihe  array  of 
VECQDs  consists  of  three  sheets  of  InAs  QDs.  The  50  A  thick  of  GaAs  spacer  was  inserted 
between  InAs  islanding  layers.  The  InAs  QDs  were  formed  in  situ  as  the  result  of  the 
transformation  of  an  elastically  strained  InAs  layer  with  effective  thickness  1.7  ML  on  lattice 
mismatched  GaAs  layer.  The  structures  were  capped  with  0.5pm  thick  GaAs  layer.  The  cap  and 
buffer  layers  were  uniformly  doped  with  Si  at  a  level  of  about  2x1 0'^  cm'^  except  two  100  A 
thick  undoped  spacers  at  both  sides  of  VECQDs  layer. 

The  measurements  of  the  C-V  characteristics  were  performed  in  the  range  of  frequency 
from  lOkl  lz  to  1  MHz  using  an  HP4274A  RLC  meter.  The  amplitude  of  the  measuring  signal 
was  equal  to  10  mV. 

The  C-V  characteristic  has  a  step  (Fig, la).  Using  tlie  depletion-layer  approximation,  we 
calculate  the  apparent  concentration  profile  (Nev-W)  from  C-V  characteristic,  which  has  a  peak 
at  a  value  of  W  corresponding  to  the  depth  of  the  QD  plane  (Fig.  lb).  According  to  the  model 
presented  in  Rcfs.[5,6j  the  height  and  width  of  a  step  on  the  C-V  characteristic  depends  on 
steady  .state  occupation  of  the  electron  levels  in  QDs  and  this  value,  in  turn  ,  is  determined  at  a 
fixed  temperature  by  the  sheet  concentration  Nqd  of  QDs  and  the  Fermi-Dirac  function 
depending  on  the  relative  positions  of  the  quantum  electron  level  in  QDs  (Eq^)  and  of  the  bulk 
Fermi  level  (Ep)  in  the  matrix  [5,6],  The  sheet  concentration  of  QDs  was  measured  by  use  of 
transmission  electron  micro.scopy  (TEM)  (001)  plan-view  image  of  the  sample  (  Nqj  =  5x10'“ 
cm‘^  ),  thus  from  analysis  of  temperature  dependent  C-V  characteristics  wc  can  extract  the 
energy  spectra  of  levels  in  QDs[5,6].  From  the  fitting  of  C-V  characteristic.s  we  have  found  thui 
the  den.sity  of  electron  states  in  VECQDs  may  be  der  ribed  by  Gaussian  distribution  with  the 
center  at  F.qj  -  70  meV  from  the  bottom  of  conduction  band  of  GaAs  and  dispersion  of  AlUd  = 
SO  meV. 
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Fjg.I  C-V  (a)  and  Ncv-W  (b)  characteristics  of  the  structure  with  QDs 
measured  in  the  temperature  lange  from  1 5  K  to  290  K. 

The  present  model  quite  correctly  describes  the  experimental  C  -V  and  Ncv-W  characterisrics  a; 
the  temperature  high^  than  70  K.  However,  discreparjcy  between  the  model  and  exocrinicnta! 
data  was  observed  at  i  <70K,  when  are  suppressed  step  in  the  C-V  characteristic  and  peii-k  in  the 
Ncv-W  profile  (Fig.la,lb),  appropriate  to  the  accumulation  of  electrons  in  the  plane  with  QDs. 

In  our  opinion  ,  this  is  due  to  the  fact  that  the  capacitance  of  the  QD  structure  was 
derived  from  equation  C  --  AQ  /  AV.  based  on  the  "quasi-static  approach" ,.  i.e.,,|-ternporai  ehajnee 


Fig.2  C-V  (a)  and  Ncv-W  (b)  characteristics  of  the  structure  with  QDs  at  T=29  K 
measured  in  the  frequency  range  from  lOkHz  to  I  MHz  . 

in  the  charge  variation  AQ  caused  by  the  increment  of  the  reverse  bias  AV  was  neglected. 
However,  in  practice,  the  capacitance  is  measured  by  means  of  superimposing  a  small 
oscillation  signal  dV^sc  at  ^  frequency /on  the  applied  dc  reverse  bias  Vrev  h  should  be  taken 
into  account  that  the  dV^gc  modulates  the  charge  at  both  the  space  charge  region  (SCR)  edge 
(dQ(())  and  at  the  point  where  the  Fermi  level  crosses  electron  level  in  QDs  (dQqd).  From  the 
iheorclical  treatment  of  C-V  characteristics  ofQD  stuicture  [5,6]  it  follows  that  in  the  region  of 
quasi-constant  capacitance  (from  -1.0  V  to  -2.5  V  (Fiq.la))  the  change  in  SC  R  width  dW  due 
to  the  increment  of  the  reverse  bia.'  dV  becomes  so  small  that  dQ,|,i  dominates  dQ.n).  i-c*.  C^j  is 
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higher  than  C3D  (Fig.  I  a).  As  the  temperature  goes  down  from  70K  to  15K  the  quantum  part  of 
capacitance  Cqd  is  decreases  (Fig. la).,  despite  to  the  fact  that  the  occupation  of  QDs  tends  to  be 
saturated.  At  T-15  K  Cq  disappears  at  all  (Fig.la).  It  means  that  at  T=i.5  K  the  thermionic 
emission  rate  of  electrons  from  QDs  is  much  lower  than  the  angular  measurement  frequency  Inf 
(/■=  IMHz  Fig.la),  i.e.  freezing  of  electrons  on  QD  level  takes  place.  To  remove  electrons  from 
QDs  at  T=15  K  it  takes  to  apply  higher  electric  field  so  that  the  electrons  leave  the  QDs  by 
tunneling  through  a  narrow  triangle  potential.  In  the  presence  of  the  electric  field  a  potential  of 
constant  slope  along  the  direction  of  the  field  vector  is  superimposed  on  the  potential  of  QD 
binding  the  electron.  Estimation  showed  that  in  the  case  of  high  electric  field  («4xl0^  V/cm  )  a 
narrow  triangle  potential  (w  25  A)  is  foimed  so  that  the  electrons  are  leaving  the  QDs  by 
tunneling  escape.  This  process  becomes  dominant  at  low  temperatures  (T<50  K)  when  the 
thermionic  emission  rate  of  electrons  is  negligibly  small  with  respect  to  angular  measurement 
frequency  Inf  {f=  IMHz  Fig.la).  Changing  the  frequency  of  a  measuring  signal  it  is  possible 
to  control  a  ratio  between  thermal  and  tunnel  parts  of  capacitance  (Fig.2a,2b). 

It  was  found  that  the  freezing  of  the  carries  in  the  sheet  of  VECQDs  at  low 
temperatures  is  the  distinctive  property  of  the  OD  systems  and  it  is  not  obser\’ed  in  quantum- 
well  structures  [7]. 

This  work  was  supported  by  the  program  INTAS-RFBR-95 -618. 
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It  is  well  known  that  scanning  tunnelling  microscopy  (STM)  allows  to  study  the 
surface  topography  and  electronic  properties  of  conducting  and  semiconducting  materials 
With  atomic  and  nanosize  space  resolution.  However  with  the  help  of  STM  it  is  impossible  to 
.study  nonconducting  materials.  The  nonconducting  materials,  alongside  with  conducting 
materials,  are  successfully  studied  by  scanning  force  microscopy  (SFM),  however,  it  is 
impossible  to  investigate  the  electronic  properties  of  a  surface  using  usual  SFM. 

This  shortage  is  away  at  SFM  with  conductive  probe,  which  combines  in  self  virtues 
STM  and  SFM.  Such  microscope  now  usually  name  a  scanning  resistance  microscope 
(SRM),  as  during  scanning  in  a  contact  mode  alongside  with  a  surface  relief  a  spreading 
resistance  in  a  point  of  tip-surface  contact  is  measured. 

The  experiments  were  performed  by  advanced  P4-SPM-M D'f  scanning  force 
microscope  with  two  different  types  of  conductive  probes.  One  of  them  Was  fabricated 
ourselves  from  W  wire  of  diameter  80  micrometers.  In  order  to  produce  sharp  probe  lips,  the 
W  probe  were  elect rochemically  etched.  Other  conductive  probes  were  the  heavily  doped  W 
coated  commercially  silicon  cantilevers.  A  bias  voltage  from  1.5  to  3  was  applied  to 
conductive  probe  during  scanning  and  current  flowing  between  the  probe  and  sample  was 
measured  in  order  to  delineate  regions  with  different  surface  conductivity.  Topography 
image  and  current  image  were  obtained  simultaneously  from  the  same  place  of  a  surface 
(two-window  operating  mode).  Measurements  current-voltage  characteristics  in  given 
points  of  a  surface  were  also  taken.  lixpcriments  were  carried  out  in  ambient  air.  Before 
measurements  were  taken,  a  hydrogen-terminated  silicon  surface  was  prepared  by  “spin- 
euhing"  method,  were  silicon  oxide  cover  layer  is  removed  by  metering  drops  (d’  i  li  -ethanol 
.solution  onto  rapidly  spinning  wafer  in  nitrogen  atmosphere  [I]. 
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Two  types  of  Si  samples  were  investigated  by  SRM 

First  there  were  the  900  nm  periodic  surface  structures  of  varying  conductivity 
obtained  by  pulsed  interference  laser  modification  of  a  implanted  silicon  surface.  The 
transformation  between  low  and  high  conductivity  is  activated  by  laser  stimulated  local 
recrystallization  of  amorphous  silicon,  as  was  shoum  earlier  using  STM  [I],  SRM 
measurements  in  a  two-window  mode  have  allowed  to  observe  correlation  between  a  surface 
relief  and  current-image.  One-dimensional  areas  with  high  conductivity  in  width  about  300 
nm  were  observed  on  the  SRM  current-images.  Space  resolution  of  SRM  was  about  10  nm. 

Second  type  of  Si  nanostructures  were  obtained  by  SRM  itself  using  method  based  on 
the  electrical  field-enhanced  oxidation  on  silicon  surfaces  [2,3].  The  silicon  nonconductive 
oxide  patterns  of  a  given  configuration  were  formed  by  exposing  in  air  the  H-passivated  Si 
surfaces  to  an  electric  field  which  is  generated  by  conductive  SRM  tip  at  a  negative  voltage 
bias  above  5  V.  The  SRM  current  images  were  obtained  immediately  after  writing  using 
the  same  tip  that  wrote  the  oxide  pattern.  Nonconducting  lines  of  width  as  small  as  200  nm 
were  achieved  using  the  home  made  W  wire  cantilevers.  It  was  very  easy  to  distinguish  the 
regions  with  different  conductivity  using  the  current-voltage  curves  measured  in  given  points 
of  surface.  Unfortunately  the  mechanical  and  electrical  stability  of  the  W  coaled  silicon 
cantilevers  was  insufficiently  for  their  long-duration  use  in  SRM. 

In  summary,  it  has  been  demonstrated  that  scanning  resistance  microscopy  is 
promising  method  for  study  the  surface  nanostructures  of  varying  conductivity.  We  think 
that  improving  of  SRM  by  highly  conductive  and  mechanically  stable  ultrasharp  probes  can 
allow  to  realise  the  local  electronic  characterization  of  such  interesting  objects  as  quantum 
dots  and  wires. 

The  work  is  partially  supported  by  Program  “Physics  of  solid  state 
nanostructures"  (grant  N  1-073/4)  and  by  Russian  Ministry  of  Sciences  and  Technologies 
(grant  N  143/57/4). 
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In  data  storage  industry  there  has  been  a  great  progress  in  developing  magnetic 
recording  media  with  high  storage  capacity  and  reliability.  In  this  connection  recently  there 
has  been  considerable  interest  in  submicron  single  ferromagnetic  particles.  Ferromagnetic 
l  ine  particles  have  a  large  variety  of  applications,  for  example  in  magnetic  record  media.  The 
magnetic  properties  of  isolated  particles,  such  as  their  remanent  magnetizations  and  their 
reversal  processes,  are  of  great  importance  and  have  been  widely  modelled  and  also  have 
been  investigated  experimentally. 

Earlier  we  have  obtained  small  ferromagnetic  Fe  particles  created  by  ion 
bombardment  in  Si02  layers  and  investigated  by  means  of  ferromagnetic  resonance, 
Messbauer  spectroscopy  of  conversion  electrons,  optical  spectroscopy,  magnetooptics.  X-ray 
phase  analysis  and  electron  microscopy  [1].  Both  magnetic  and  optical  properties  of  such 
layers  were  governed  by  the  shape  and  dimensions  of  the  particles,  and  the  number  of  defects 
in  them. 

The  samples  containing  the  nanometer-sized  nickel  particles  deposited  onto  fused 
silica  were  investigated  in  this  work.  The  following  procedure  was  used  to  obtain  such 
detached  nickel  nanoparticles  on  the  supporting  substrate  surface.  Carbon  nanotubes 
produced  by  the  catalytic  decomposition  of  some  hydrocarbons  over  nickel  catalyst  were 
deposited  on  the  surface  of  fused  silica  substrate.  The  catalytic  nickel  particles  on  the  tips  of 
nanotubes  have  been  retained  on  the  substrate  after  hydrogenization  of  the  carbon  material. 
These  particles  were  transformed  into  nickel  droplets  by  heat  treatment  at  ~80{)‘G. 

Scanning  force  microscopy  (SFM)  and  its  modifications  are  one  of  the  best  and 
powci'ful  instruments  for  investigations  of  such  objects.  In  particular  one  can  diagnose 
magnetic  properties  of  stibmicron  ferromagnetic  particles  by  means  ol  magnetic  lorce 
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microscope  (MFM).  It  is  necessary  to  knov/  the  particles  real  sizes  and  shapes  for  correct 
quantification  of  MFM-images,  however.  This  is  a  well-known  problem,  because  SFM- 
image  is  a  convolution  of  the  tip  and  sample.  One  may  define  required  parameters  using  a 
simple  algorithm  of  true.-  i  iiages  reconstruction  of  nanoparticles  and  tip  shape.  The  main 
feature  of  this  numei-ical  deconvolution  method  is  the  possibility  of  absolutely  true  surface 
reconstruction  if  SFM  lip  contacts  all  points  of  the  surface  during  scanning.  Even  if  the 
above  condition  was  not  fulfilled  the  reconstructed  images  aie  essentially  closer  to  the 
original  surface.  Detailed  description  of  this  deconvolution  method  is  presented  in  [2). 

The  SFM-images  of  the  nanometer-sized  nickel  particles  deposited  onto  fused  silica 
substrate  have  been  successfully  obtained  by  means  of  the  P4-SPM-MDT  scanning  probe 
microscope  using  Park  Instruments  cantilevers. 

The  shape  of  the  SFM  tip  has  been  extracted  from  the  SFM-images  of  the 
nanometer-sized  calibrated  latex  spheres.  The  nickel  particles  real  sizes  and  shapes  have  been 
determined  using  tip  shape  information  with  deconvolution  procedure.  Nickel  particles 
shapes  have  turn  out  to  be  close  to  spherical,  and  diameters  have  been  in  range  of  20  -  200 
nm  that  is  in  accordance  with  transmission  electron  microscopy  results. 

Magnetic  force  microscopy  (MFM)  is  a  high-sensitivity  and  high-resolution 
instrument  which  is  suitable  for  investigations  of  such  objects.  It  has  been  predicted 
theoretically  and  confirmed  experimentally  that  sufficiently  small  magnetic  particles 
naturally  assume  uniformly  magnetized  states  that  is  why  they  are  idea!  objects  for  MFM 
investigations.  We  suppose  the  smallest  nickel  particles  to  be  uniformly  magnetized  after 
application  external  magnetic  field.  As  far  as  the  particles  have  spherical  shapes  it  very 
simplifies  imaging  quantifications.  XVe  have  modeled  MFM  imaging  of  ultrafine 
ferromagnetic  particles  by  means  of  computer  simulation  on  the  described  samples. 

The  work  is  partially  supported  by  Program  “Physics  of  solid  state 
nanostructures’  (grant  N  1-073/4)  and  by  the  Rus.sian  Ba,sic  Research  Foundation  (grant 
N  96-02-16323), 
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I.  Introduction 

Group  Ill-V  nitride  semiconductors  (GaN,  AIN  and  AlxGat-xN  )  have  recently  attracted 
considerable  attention  because  of  tbeir  great  potential  for  development  of  optoelectronic  devices 
for  the  blue  and  UV  spectral  regions.  GaN,  AIN  and  their  alloys  have  very  close  lattice  constants 
and  strongly  differing  band  gaps  (from  3.4  eV  for  GaN  to  6.2  eV  for  AIN  at  room  ten:q)eratme). 
These  properties  make  tliem  ideal  for  lieteroepitaxy.  Recently  Al^Gai-xN/GaN  MQW  stnictures 
were  grown  by  MBE,  and  now  great  efforts  are  directed  towards  fabrication  of  AlxGai-xN/GaN 
.superlattices.  At  present,  there  is  a  growing  need  for  precise  non-destructive  characterization  of 
these  nanostructures. 

One  of  the  most  efficient,  sensitive,  and  direct  techniques  which  can  be  used  for  the  quantitative 
characterization  of  semiconductor  nanostructures  is  Raman  sj)ectroscopy.  To  characterize  low- 
dimensional  stiucturos,  the  knowledge  of  dispersion  phonon  branches  fi)(k)  in  bulk  materials  is 
necessary  because  they  determine  the  behaviour  of  acoustic  and  optical  phonons  in  these 
structures,  in  particular,  the  phenomena  of  the  acoustic  phonon  “  folding”  and  “confinement”  of 
ootical  phonons.  Typically,  the  data  on  a}(k)  are  obtained  by  the  neutron  scattering  technique. 
However,  because  of  the  absence  of  GaN  and  AIN  crystals  of  suitable  sizes  for  neutron 
experiments,  there  are  no  experimental  data  on  dispersion  of  phonon  branches  m  these 
compounds.  Tliis  difficulty  can  be  overcome  by  analyzing  the  phonon  . density  of  states  (DOS) 
wliicli  can  be  measured  by  the  second-order  Raman  scattering  and  which  is  closely  connected 
with  (o(k). 

The  aim  of  our  investigation  is  to  obtain  the  phonon  dispersion  curves  (o(k)  for  wurtzite  GaN 
and  AIN,  Our  approach  is  based  on  the  lattice  dynamical  calculations  and  tlreir  subsequent 
cor  iparison  with  the  Raman  scattering  data  and  with  the  group-theory  analysis  of  phonon 
sjiumetiy  and  optical  selection  ndes  to  establish  the  reliable  lattice-dynamical  model. 

II.  Experiment 

GaN  and  AIN  layers  were  grown  on  the  (0001)  a-AhOs  substrate,  using  chloride-hydride- 
vapor-phase  epitaxy  (CbfYPE).  Details  of  this  technique  were  described  in  [1].  The  samples 
investigated  here  were  an  undoped  10  pm  thick  GaN  layer  with  the  free  carrier  concentration  of 
about  IxlO”  em’and  an  umloped  4  pm  thick  AIN  layer.  X-ray  data  reveal  that  both  layers  have  a 
wiirt/itc  structure  with  the  (000!)  axis  parallel  to  the  growth  direction.  The  Raman  spectra  of 
GaN  and  AIN  layers  were  measiu^d  at  T-300K  and  at  I-OK  u.sing  a  double  grating 
nuuiodiromator  and  an  Ar*  laser  -  488  nni)  as  a  source  tif  excitation.  A  backscattering  and  a 
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90-degree  soatterii)g  geometries  were  used.  The  accuracy  of  measuring  phonon  frequencies  was 
about  0.2  cm' . 

Tlie  first-order  polarized  Raman  spectra  for  GaN  and  AIN  obtamerl  at  room  and  cryogenic 
temperatures  show  an  excelleut  agreement  'Mth  the  selection  mles  for  the  wurtzite  structure, 
wliich  points  to  a  high  quality  of  tie  samples,  The  investigations  of  t!;e  frequency  dispersion  of 
the  polar  modes  as  a  frmctio’i  of  their  propagation  direction  have  revealed  a  good  agreement  with 
the  specific  features  of  behavior  of  phonons  in  the  crystals  where  electrostatic  forces  dominate 
over  anisotropic  short-range  forces.  The  T-point  phonon  frequencies  obtained  in  tliis  work  are 
summarized  in  Table  I. 

We  have  also  measured  the  second- 
order  Raman  spectra  of  GaN  and  AIN 
samples.  The  spectral  region  investigated 
contains  t!\e  overtone  and  combination 
parts  of  acoustic  and  optical  phonons.  Tliis 
is  a  high-order  scattering  process,  and  all 
the  phonons  throughout  the  BilUouin  zone 
(BZ)  can  become  Raman  active.  It  can  be 
shown  that,  luider  definite  conditions,  the 
second-order  Rnman  spectmm  is  not  only 
proportional  to  the  combined  phonon  DOS 
but  also  gives  the  infonnatioii  on  one-phonon  DOS.  For  example,  in  the  case  of  dominating 
overtone  scattering,  the  experimental  second-order  Raman  spectrum  times  {©/[n+1]}^ ,  where  n 
is  the  phonon  occupation  number  at  co/2  ,  wiU  be  very  close  to  the  one-phonon  DOS  (except  the 
obWous  scaling  the  frequency  axis  by  a  factor  of  2).  We  have  peifonned  polarized  second-order 
Raraan-scatteiing  experiments  to  compare  the  experimental  data  with  the  deiiyed  selection  rules. 
All  second-order  Rnman  spectra  were  measured  at  low  temperatures  to  exclude  the  phonon 
occupation  numbers. 

Die  DOS  tends  to  become  veiy  large  at  the  critical  points  at  the  BZ  boundaries.  For  this  reason, 
we  have  tried  to  interpret  our  results  in  terms  of  scattering  by  phonons  at  high-symmetry  K  and 
M  points  at  the  BZ  edge. 

in.  Group-theory  analysis 

The  symmetty  of  phonons  in  the  wurtzite  2H-GaN  and  AIN  ety'stals  was  determined  using  the 
method  of  induced  band  representations  of  sj)ace  groups  [2],  This  method  allows  one  to  Connect 
by  sjonmetry  the  local  atomic  displacements  of  particular  atoms  in  the  primitive  cell  and  nonnal 
modes  throughout  the  BZ.  GaN  and  AIN  with  the  wurtzite  stnicture  belong  to  the  space  group 
Cfiv  (Pbamc)  with  two  foimula  unit.s  per  primitive  cell.  Both  Ga(Al)  and  N  atoro.s  occupy  2b  site.s 
of  symmetiy  Cjv.  Tlie  results  of  tlie  group-theoiy  analysi,s  arc  presented  in  Table  II, 

In  Table  II,  colujnn  1  contains  atoms  occu-  Table  11 

pying  the  Wyckoff  position  q  given 
in  column  2  together  with  its  coordinates 
and  site  symmetiy  group.  Columns  4-6 
contain  indices  of  smah  iireducible 
representations  (irrep.s)  induced  by  those 
irreps  P  (column  3)  of  the  site  symmetiy 
group  according  to  which  the  local  atomic 
di.splacemcnts  (x,y,2)  are  transformed,  (  Ihe 


Atom 

r  K  M 

q  p  (oon)  (iJ-O)  (^-00) 

C...  C2. 

Ga(Al) 

N 

2b  at(z)  1.4  3  1,4 

(Hr)  e(x.y)  5.r,  1,2.3  i, 2.3,4 

Ctiv 

Table  I 


Mode 

GaN 

A!N 

T=300K 

T'-6K 

T-300K 

T=6K 

144 

143,6 

248.6 

248.4 

A,  (TO) 

531.8 

533.8 

611 

613,8 

E,(TO) 

5588 

560,2 

670.8 

673.4 

567.6 

•  569 

657.4 

660 

A,(LO) 

734 

736.6 

890 

894 

E,(LO 

741 

744 

912 

917 
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sman  irreps  are  labeled  according  to  \3l)  The  induced  representations  detenmne  symmetries  of 
phonons  at  the  syrninctry  pomts  of  the  B7  given  together  vrith  their  coordinates  and  small  groups 
in  the  headings  of  column  4-6.  The  sets  of  normal  modes  at  the  s>'mmet^  points  of  the  BZ  are 
obtained  by  summation  of  contributions  of  all  the  atoms  in  the  primitive  ceil  As  a  result,  ve  have 

r  =  r,.  +  Topt  =  2(r,  +r4  +i  5  +  U)  =  2(Ai+b  i+Ei+e,), 

n-,  -  r,  +  r.  =  A,  +  E,;  Top,  -  r, +274 +275  +  Fs  =  Ai+2Bi+E,+2E2, 

K  =  2(Ki+K2+2K3);M  =  2(2Mi+M2+M3  +  2M4).  :  .  r  4 

The  Ai  and  Ei  optical  modes  are  both  Raman  and  IR  active  and  both  the  longitudinal  (LO)  and 
transverse  (TO)  components  can  be  observed  in  tlie  Raman  spectra.  The  two  E2  modes  are  only 
Raman  active  and  the  tw'oBi  are  silent  modes.  11  • 

We  see  tliat  from  the  point  of  view  of  symmetry  both  atoms,  Ga(Al)  and  N,  contribute  equally 
to  all  the  modes.  From  Table  II,  one  can  also  establish  the  symmetry  behavior  of  particular 
phonon  branches.  One  can  see  that  there  are  two  phonon  branches  (7i,  74)  -  K3  -  (Mi,  M4). 
means  that  two  doubly  degenerate  K3  -modes  split  hi  the  7  -  K  and  K-M  dirertions  transforming 
into  two  pairs  of  7i  and  74  modes  and  two  pairs  of  Mj  and  M4  modes,  respectively.. 

Next,  we  derived  the  selection  rules  for  the  second-order  Raman  scattering.  Because  of 
complexity,  we  give  only  some  extracts  from  the  complete  list.  For  example,  the  overtones  [Kt] 
and  [Ka]^  are  active  in  the  xx,  yy,  zz  polarizations,  whereas  as  well  as  all  the  overtones  of 
die  M-point  modes  are  active  in  xx,  yy,  zz  and  xy.  'fhe  combinations  of  MixMa,  Mi?^,  M2XM3, 
M2XM4  are  actwe  in  the  xz  and  yz  polarizations,  whereas  MjxMa  and  M3XM4  are  acti\'e  in  xx,  yy 
and  xy. 

rv.  Lattice  dynamical  simulation 

To  simulate  tlie  crystal  dynamics  we  have  developed  a  pheuomenolo^cal  model  based  on  the 
pair-wise  interatomic  potentials  and  rigid-ion  Coulomb  interactions.  The  ionic  charge  vahies  were 
chosen  to  reproduce  the  obseived  LO-TO  splitting.  The  sliort-range  potentials  included  tlie 
second  neighbour  contributions.  The  potential  parameters  were  determined  by  fitting  the 
calculated  BZ-center  frequencies  and  the  elastic  constants  to  the  experimental  ones.  Then  the 
phonon  dispersion  curves  and  five  DOS  function  were  calculated  by  scanning  throughout  the  BZ. 
Such  a  simple  model  offers  an  essential  advantage  of  being  applicable  to  complex  polyatomic 
systems.  It  enables  us  to  reproduce  reasonably  well  the  observed  first-order  spectra  and  provides 
(the  phonon  DOS  fimclion  which  is  in  an  perfect  agreement  with  the  observed  second-order 
Raman  spectra.  All  the  calculations  were  performed  by  the  CRYME  program  [4], 

'  '  . 

V.  Results  and  discussion 

The  combined  analysis  of  the  dispersion  cur\'es  using  the  experimental  data,  lattice  dynamic 
calculations,  and  group-theory  results  is  a  selt-consistcut  procedure. 

f  igure  1  shows  the  calculated  plionon  dispersion  curves  for  GaN  and  AIN.  Using  the  selection 
rules  in  combination  with  the  phonon  dispersion  curves  ©(k)  we  have  assigned  the  maxima  m  the 
polarized  second-order  Raman  spectra  to  the  phonons  of  definite  types  of  symmetry.  As  a  result, 
we  obtained  the  frcquencie.s  of  the  optical  phonons  at  the  symmetry  points  of  the  BZ.  Our  results 
show  that  the  A, (TO),  Ei(TO)  and  £20^^  phonons  in  both  GaN  and  AIN  have  a  nearly  flat 
dispersion,  whereas  the  A,(LO)  and  E,(LO)  phonons  have  a  veiy  large  dispersion  throughout  file 
BZ,  Tliis  is  in  a  complete  agreement  with  the  calculated  dispersion  curves. 

'file  acoustic  phonon  region  is  more  complex  for  the  inteipretation  if  it  is  based  on  second-order 
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Raman  spectra  only.  For  GaN,  we  can  make  an 
additional  test  for  validity  of  calculations  by 
comparing  the  calculated  one-phonon  DOS  function 
witli  the  ex])eriniental  one  obtained  from  t!ie  disorder- 
induced  Randan  scattenng.  Tiiis  approach  is  valid  since 
for  disordered  slate  all  the  phonons  are  allow'ed  to 
participate  in  llie  scattering  and  the  Rsman  spectrcm 
should  display  the  entire  DOS  function  weighted  by  the 
transition  matrix  elements  involved  in  the  photon- 
phonon  coupling  during  tlie  scattering  process.  In  our 
case,  we  investigated  F-r  (1  MeV,  ^-1  lO'^ion/cm^)- 
iinplanted  GaN.  'llie  spectnirn  of  the  Er-implanted  GaN 
reveals  the  energies  of  acoustic  zone-boundary  phonons 
and  the  silent  B  i  modes  which  are  forbidden  in  the  first- 
order  Rainan  spectra. 

Figure  2  shows  the  calculated  phojion  DOS  function  for 
GaN  (a),  the  Raman  spectrum  of  the  Er-implanted  GaN 
(b),  the  second-order  Raman  spectrum  of  non-implanted 


FIG.  1 


GaN  sample  with  scaling  the  frequency  axis  by  a  factor  of  1/2  (c),  and  tlie  first-order  Ranian 


spectrum  of  the  latter  samplcfd).  It  is  clearly  seen  that  there  is  a  good  corresponder'-e  between 


die  calculated  DOS  function  and  the  disorder-induced 
Raman  spectrum  of  Er-implanted  GaN.  This  is  an 
additional  evidence  in  favour  of  the  validity  of  calculated 
dispersion  curves  for  GaN.  A  similar  study  of  Er- 
impianted  /\1N  :s  in  progress. 

To  summarize,  using  a  combination  of  three  different 
methods  (Raman  scattering,  lattice  dynamical  simulation, 
and  group  theory'  analysis)  we  have  obtained,  for  the  first 
time,  the  phonon  dispersion  curves  in  bulk  GaN  and  AIN 
crystals.  This  approach  appears  to  be  eflBcient  for  the 
study  the  lattice  dynamics  of  GaN/AlN  superlattices  and 
otlier  low-dimensional  structures  based  on  these 
compotmds. 
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1  Introduction 

ilpit  probe?  Iia,ve  been  employed  in  studies  of  magnetic  properties  of  materials  for  several 
decades.  We  have  extended  the  Hall  technique  further  and  used  submicron  probes  for  studies 
of  individual  microfabricated  samples  which  are  placed  controllably  m  the  sensitive  area  of 
the  probe.  Anolh.er  important  development  is  that  we  have  been  able  to  link  the  detected 
Hall  signal  to  the  sami)le  magnetisation.  The  present  sensitivity  of  the  technique  allows  us 
to  register  changes  l<;ss  than  10®  fiB  and  further  improvement  down  to  lO’’  fiB  is  straight¬ 
forward.  ’The  detection  of  the  single  electron  spin  is  arguably  within  experimental  reach.  In 
several  regimes  including  mesoscopic  superconductors,  it  has  principal  advantages  over  the 
alternative  technique.-  .such  as  /i-.SQUIDs  [1]  and  ^i-mechanical  cantilevers  [2]. 


2  Experimental  devices 

Pigure  1  shows  a  .scheme  of  our  devices.  It  is  a  multi-terminal  wire  microfabricated  from 
a  .fuivcntional  CiaAlAs  heterostructure  with  a  two  dimensional  electron  gas  (2Dh.G).  We 
( luidnv  the  2r)K(:  as  it  has  a  very  large  Hall  coefTicient.  For  the  present  studies  ol  mesoscopic 
siipecoudurtors,  relatively  large  Hall  probes  (from  1  to  1.5  fim)  were  found  most  suitable, 
althungli  probes  as  small  as  O.d  fim  can  be  reliably  fabricated  from  GaAlAs  heterostructures. 
Usimr  another  round  of  electron-beam  iithograi.hy,  superconducting  A1  disks  of  various  si?e.s 
a,e  plarcM  in  the  centre,^,  of  different  Hall  cro.sses.  .Note  that  there  is  no  elecVnc  contact 
l,t^tween  the  superconducting  .samples  and  the  2DEG  embedded  at  falOO  nm  below  the 
l\('l  eiost  ruct  lire  surface. 

An  cNami)!.'  of  the  Hail  signal  m  the  luesence  of  a  superconducting  particle  is  shown  In 
FiR.J  (maene.ic  field  is  perpendicular  lb  the  2DEGL  The  low-temperature  curve  exhibits  a 
•sti-ong  a.synimei  ric  livsteresis  as  well  as  a  fine  step-  like  structure  which  is  barely  noticeable  on 
fhe  scale  of  tlie  firpire  iuit  can  be  ea.^ily  resolved  afte'r  suUractiiig  a  background  (e.g.  see  tlie 
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Figure  1:  The  sketd.  of  working  device:  2DEG  Hall  crosses  (grey)  with  A I  dots  (jf 
size  in  the. centre  (white). 


-100  0  100 

H  (Gauss) 


Figure  2;  Hall  response  in  tin*  pres(’u(('  of  a  A;  disk  in  the  cros.s  juiuiion. 

porature.s  helow  (solid  curve)  an<l  above  (dots)  ihri  suni^feoiiduetiii'i,  transii  iotu  In 
•struc.iire  hecoincs  aireatiy  visible  aft(‘r  sulrtracling  6ar  backgrouml. 


insrt).  For  the  sanit*  Hall  probe  but  at  temperatures  above  tlie  supercoiulueting  transition 
temperature  1\,  or  for  a  Hall  probe  without  a  supeucotKlucting  sample,  we  observe  a  linear 
(.lependence of  Hall  resistivity  /?,„  on  magnetic  field  //  (dotted  line).  These  raw  data  already 
indicate  that  magnetic  properties  of  individtiai  .superconducting  particles  a-e  accessible  b}' 
our  technique. 

3  Hall  Probes  as  Micro-Fluxmeters 

Tile  presence  of  a  magnetic  particle  in  the  cross  junction  causes  an  inhomogeneous  magnetic 
field  distribution,  and  the  Hall  resistance  geneially  depends  on  details  of  this  distribution. 
However,  if  election  flow  is  uniforrxi,  the  simjile  formula 

H,ry-<B>jnc  (!) 

holds,  where  <  Z?  >  is  the  average  l1cUi  inside  the  Hal  cross.  In  the  case  of  a  microscopic 
junction,  elections  can  enter  into  the  side  lead?  and  the  electron  flow  is  no  longer  uniform.  For 
a  diffusivt.  Hall  cross,  this  can  give  rise  to  different  contributions  to  P^y  from  different  regions 
of  such  a  probe.  In  our  experiment,  we  have  performed  analytical  and  numerical  calculations 
of  the  ballistic.  Hall  effect  and  found  that  Eq.  (i)  is  modified  only  by  a  numerical  coefficient 
and  holds  within  the  accuracy  of  few  %.  The  aviuage  magnetic  field  <  B  >  is  proportional 
to  f  Bdxdy,  i.e.  the  measured  signal  is  proportional  to  the  flux  $  through  the  characteristic 
aic-a  5  of  the  Hall  cross.  Therefore,  one  can  consider  our  Hall  probe  as  micro-fluxmeters, 
similar  to  e.g.  SQlHDs,  but  with  a  very  small  detection  loop.  In  our  experiment,  S  is  only 
alwut  2  /;m^.  The  difference  between  Hall  resistances  mea.sured  by  probes  with  and  without 
a  particle  yields  the  area  magnetisation 

471 T/  =<  B>-H  (2) 

The  amplitude  of  this  signal  rapidly  decays  with  decreasing  the  ratio  betwceii  the  particle 
and  junction  sizes. 

4  Comparison  of  Hall  micromagnetometry  with  alter¬ 
native  techniques  ^  , 

Finally,  we  will  compare  our  experimental  approach  with  /r-cantitever  and  //-SQUID  tech 
nicpies  which  can  be  considered  ;is  alternatives  for  magnetisation  measurements  of  subrni- 
cron  sui)crconductors.  The  noise  level  in  our  exi/eriment  is  not  frequency  dependent  and 
( orresp/mds  to  changes  in  magnetic  fie  hi  of  about  0.1  G.  This  yields  the  flux  sensitivity 
=3  iO~^Oo  for  the  area  ss2  //m^.  Also,  tlie  field  resolution  of  6B  ^  0  l  .G  for  a  su- 
percuiidiicting  dish  with  the  typical  volume  V'  si  0.1  //m^  implie,s  magnetisation  changes 
e  l/  -  fiBVf\Tr  ^  10“*^  f^rg/G  or  10^  (is- 

The  resolution  of  the  state-of'-the  art  //-SQUIDs  with  a  detection  loop  of  the  order  of  Ipm 
can  be  as  liigh  as  lO'^Oo  at  low  freqiu'ucies  (!].  However,  such  a  sensitivity  is  not  sustained 
evci,  for  moderate  sweeps  of  few  hundred  CJatisr  and  the  flux  noi.se  reduces  the  resolution  to 
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only  al)C»t  (j„>  (1].  W.;-  coiulucie  that.  experinifiiilH  siniila.  -t  ^  ours  ^vo,.l<!  a..l  b.‘  feasible  usin^ 
SQUlDs.  'I'lie  basic  reason  is  tnal  il  would  be  very  luird  lo  dislbi^iiish  IxUveen  a'ajfiie'tic 
fiuxes  entering  into  a  supeiconducting  sample  and  into  t,tie  superconrlucting  <lei;c-cl  ion  loop. 

Magnetic  resonance  foice  microscopy  uses  micvomedianical  cantdivets  wlii'li  lovide  a 
remarkable  torcpie  sensitivity  of  IQ-*'  erg'cm.  [2],  One  can  imagine  a  submicvo.i  s.ipercotc 
ducting  particle  placed  on  tbe  tip  of  such  a  cantile/er.  To  detect  clumges  m  magnetisat.oi: 
i)M  ~  10“'^  an  applied  magnetic  field  in  excess  ol  I  1<G  would  ';e  requioid.  !  his 

makes  mesoscopic  superconductivity  niacc.essible,  -dso  for  this  tec.hniqiio. 

Falvication  of  ton  limes  smaller  Hal!  probe.s  with  the  same  sensitivity  h/i  is  a  stra-ght- 
forward  experimental  task.  Tliis  would  correspond  to  the  sensitiv-ty  ai  10  \i>n.  kur- 

thermore,  closelv  following  specnlations  of  Sidles  et  al  about  ultimate  micro-SQOlDr  ..iid 
cantilevers  [2],  we  note  that  a  single  electron  located  at  d  -  5  mn  above  a  Hal!  probe  creates 
the  magnetic  field  B  ^  }thid'  -  0.1  G.  Then  one  can  imagine  a  metal  lUll  probe  ot  the  size 
of  about  20  nm  fabricated  by  election-beam  lithography,  employing  e.g.  the  contammauon 
resist.  Using  a  melal  (e..g.  Bi)  instead  of  a  2DK(}  considerably  deci oases  tlu‘  resi>onsc  m 
terms  of  Ohms/G  but  docs  not  seem  to  influence  the  field  sensitivity.  Therefovc,  wc  beiieve 
that  using  Hall  magnetometers  even  the  detection  of  a  single-election  moment  is  within 
experimental  reach  and  does  not  require  further  teclmological  advances  as  in  the  <asr  of 
SQUIDs  and  micro-cantilevers. 
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Introduction  .  .  .  .  ,  j-  j 

loA'-GaAs  superlattices  have  attracted  much  attention  during  the  last  years  due  to 
,  interesiing  physical  phenomena  related  to  2D  electron  confinement  in  the  deep  and  narrow 
quantum  wells'.  V^hcn  tire  superlattice  is  grown  by  molecular  beam  epitaxy  (MBE),  the  substrate 
temperature  is  normally  chosen  within  the  range  from  400  to  SOO'-C.  This  is  a  compromise 
between  a  strong  inciease  m  defect  concentration  at  low  temperature  and  smoothing  the 
interfaces  at  high  temperature  resulted  from  indium  segregation  ^d  difrusion  effects  (600  C  is 
much  more  appropriate  for  M3E  of  fr.gh-quality  GaAs  films)  .  It  seems  to  be  interesting, 
however,  to  study  IrtAs-GaAs  superlattice  grown  at  vcty  low  temperature  (say,  200  C),  ^en  a 
ver'  high  arsenic  excess  (~I  at.%)  is  incorporated  into  the  growing  film  • .  In  this  case,  the  tbn 
InAs  layers  inserted  in  GaAs  matrix  should  act  not  only  as  clecixon  (hole)  quantum  tvells,  but 
also  should  pin  arsenic  clusters  being  formed  by  excess;  arsenic  upon  annealing  ’ .  Thus,  an 
additional  As-GaAs  superlattice  can  be  formed  that  spatially  coincides  with  the  initial  InAs- 

CaAs  superiattice.^^  the  results  of  high^resolution  x-ray  diffraction  (HRXRD)  study  of 

the  InAs-GaAs  superlattice  grovm  by  MBE  at  200X.  We  show  that  tics  superlattice  is  quite 
perfect  in  as-grown  state  in  spite  of  a  very  high  concenfration  of  excess-arsemcrelated  point 
defects.  Its  smoothing  resulted  in , disappearance  of  x-ray  diffraction  patterns  are,  however, 
observed  after  annealing  that  causes  arsenic  precipitation  and  indium  diffusion.  , 


The  InAs-GaAs  superiatticcs  wcr.  grown  by  MBE  at  200°G  m  a  dual-charnber  ‘Katun 
.ystem  on  semi-insulating  GaAs(lOO)  substrates.  The  thin  InAs  insertions  m  the  GaAs  ^ 
were  produced  by  intcTupting  the  Ga  beam  and  usmg  an  In  beam.  Thus  pmduced^  layers 
cont.unen  1  monolayer  cf  InAs.  The  distance  between  the  hiAs  -  nm.  One  part  o,  Ae 

samples  was  keot  as-growi.,  the  others  were  annealed  at  500  raid  60C  C  fo-  15  mm.  The 
annealing  was  carried  out  under  As  overpressure  in  the  MBE  setup.  ^  , 

Electron  orobt  microanalysis  (EPMA)  was  employed  to  measure  the  average  In 
concentration  and  to  assess  arsenic  excess  in  the  films.  Concentration  oj  ^seaic  antisttede^^^^^ 
was  measured  using  a  characteristic  near-infrared  optical  absorption  of 

smdv  were  carried  out  using  Ge  double-crystai  diffractometer  adjusted  for  (004)reflectton  of 
CuAri,  radiation.  The  precise  measurements  of  ttie  lattice  mismatch  ax.d  assessment  of  the  crystal 
latdcc  pe.fection  ' vere  made  using  w-sean  mode  wi.h  opened  detector.  Wide-argie  nieasuremer^ts 
cl  x-iav  di.Traclion  in  (u-20  mode  were  carried  out -ith  a  nai-w  receiving  sht  m  t.ne  front  o.  the 
detector  in  ordei  to  diminish  the  influence  of  tiie  difft’.so  scattering. 
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Results  and  Discussian 

Fig.  1  shews  anuble-cr>'stal  rocking  curves  in  a  vicinity  of  (004;  GaAs  reflection  for  the  liiAs- 
GaAP  ruperlatticer  m  as-grown  state  anri  aftex  araiealing  at  50C  or  600°C.  Two  main  neaks  and 
many  additional  interference  fringes  aie  clear!  v  seer.  The  rght  main  peak  conesponds  to  ‘he 
si'bstrate  reflection.  Tne  left  peak,  marked  as  '<0Sly»,  corre^’ponds  to  the  periodic  structure  of 
InAs  end  '  jpA.*:  epitaxiai  layers,  .l^n  the  as-grovvii  sainp’.e,  the  angle  difierence  beiweeii  OSL  and 
substrate-related  pe'tks  is  determined,  by  Hvo  veusons.  The  one  of  t.icm  is  lattice  expansion 
produi.ea  by  the  ex oess-a.se. lic-relutej  point  defects.  The  ether  is  Irttice  expansion  lesulted  from 
Tr  As  layers  inserted  in  the  epitaxial  .fllr  i.  The  a.mealing  of  the  samp’es  leads  to  a  shift  ol  OSL 
peak  since  the  weil-hnown  phenomena  of  t:>e  lattice  relaxation  du.-  to  precipitation  of  exi.ess- 
arscmc-related  poim  aefcc-:s\  Therefore,  tire  lattice  nnsmatch  in  the  annealed  samples  can  be 
mainly  attributed  to  the  indium  ooutent  That  allows  us  to  deduce  the  average  InAs  content  In  the 
film  and  then  to  calculate  the  arsenic  e:tcess  using  Liu’:  cnub'ation^  The  data  obtamed  itoui  tne 
rocking  cunes  are  shown  in  table  i.  ^’he  a\'crage  mAs  content  was  found  to  be  0.8-0.9  %,  'hci  is 
in  a  good  agreement  with  oar  EPMA  data  (’.  0±0. 1  “/')•  'fhe  arsenic  excess  of  0.6  %  was  found  to 
be  well  consistent  with  - 


that  estimated  by  EPMA 
and  wnth  oiT 
measurements  ot  msenic 
antisite  defect 
concentration  (0.9x1 
cm'^). 

■  The  multiple 
pronounced  intenererxe 
fringes  (fig.l)  and 
parameters  of  the  main 
peaks  (table  1)  evidence 
that  the  as-grown  InAs- 
G?As  superlattice  is 


quite  perfect,  planarity  0 {arc  sac) 

of  the  interfacea  and 


smface  is  very  high,  and  pj^  j  Double- crystal  x-ray  rocking  curves  for  as-grown  (1 )  and 

paramef.eis  of  the  p^nncaled  (2,  3)  InAs-GaAs  superlattices  in  a  vicinity  of  GaAs(004) 

periodic  structure  are  reflection.  Annealing  temperatures  are  500°C  (2)  and  600°C  (3) 


Table  1 


1 

Substr. 
r-WHM 
(arc.  sec) 

[_  /K,c(i 

“OSL” 
FWHM 
/aic.  sec) 

'  /K,en 

A0I.S 

(arc. 

sec) 

Aa/ax 

STs,. 

nm 

Tsl  nm 

Xas 

X,r.As 

f  InAs 

(A) 

aS' 

grown 

9.00/ 

0.682 

20.20/ 

0  195 

-280 

2.10 

10"* 

920  + 
20 

30.0  ± 
1.0 

Ta= 

.'50D“C 

8.70/ 

0.722 

22.90/ 

0.165 

-180 

1.35 

lO"* 

850  + 
40 

27  0  ± 

0.6% 

_  _ 1 

0.90% 

:  ‘L5 

Ta- 

600^C 

16.50/ 

0.410 

24  :*o/ 

0.155 

-160 

_  _ _ 

1.19 

10-' 

390± 

80 

26.5  ± 
3,0 

0.6"'^ 

0.80% 

2.10  1 

uniform  in  the  whole 
S'jporlatticc.  The  annealing 
results  in  smoothing  the 
inierfennce  pailems  and 
decreasing  their  number.  la 
addition,  the  annealing  at 
500'’C  causes  an  appreciable 
bioadir.g  of  the  substrate- 
rehued  peal;  and  a  essentia! 
decrease  in  its  intensity. 

In  order  to  determine 
the  .suncrlattice  period  and 
t&  elucidate  the  structure 
transformation  upon 

annealing,  we  peifo.rrned 
HRX*vD  study  in  a  wide 
angle  range  using  both  0-20 


!1-2^  forSie  F>g-2.  Coherent  0-20  rocking  curves  for  as-grown  (1) 

as-cro.vn  and  annealed  and  anneak-d  (2, 3)  InAs-GaAs  superlam^^^ 

samples  are  shown  in  ag.2.  temperatures  are  500°C  (2)  and  600  C  (3)  . 

One  can  sec  a  large  number  of  auperlaltice-related  interference  reflections  m  the  rocking  curve  ot 
the  a-Rro^^n  sample.  The  anneal -related  features  inemioned  above  arc  also  clearly  seen  m  hg.2. 
These  arc  a  considerable  smoothing  of  the  supersrructure-related  peaks  and  their  disappearance  at 
laicc  angles.  When  compared  to  the  rocking  cuive  tor  the  as-grown  sample,  the  area  of  the 
pionounced  jr.tcrierence  picture  is  two  time  less  for  the  sample  annealed  at  500X  and  three  time 

less  for  the  sample  annealed  at  600‘'C. 


An  analysis  of  the 
rocking  cuives  obtained  in  the 
(o-mode  shewed  that  the  diffuse 
scadeiing  i.s  localii:ed  in  a 
vicinity  of  (004)  GaAs 
reflection  and  is  lather  weak. 
The  scattenng  detect  itnsity  is 
estimated  as  3.5-5.0>'10'  cm  '  m 
the  as-grown  sample  rmd  in  the 
sample  annealed  at  500°C  and 
gro'.vtti  uc  to  1-iixlO  cm  in 
the  sample  armealeU  at  600'’C. 
Tnc  correiauon  length  in  the 
fOOl)  pkoc  decreases  from  25- 
?>0  nm  to  15-16  nm.  That 
indicates  an  increase  'n  the 
density  of  the  defects  inv-ulved 
ir,  the  diffuse  scattering. 


X-ray  ruckrig  cu.'ve  for  aii  InAs-GaAs  superiattice  svitL  abrupt  interfaces  and  30  nn  thick 
GaAs  layers  'vas  calcu’.ared  in  the  dyaatnic  approaen.  In  the  calculations,  the  lattice  parameters 
both  InAs  and  GaAs  la>er'5  were  sUghily  increased  in  order  to  fit  tiie  lattice  expansion  induced  by 
excess  arsenic.  F’g.5  sho  xs  the  calculat>-d  rocKing  cun,'t  in  comparison  with  the  experimental 
one  for  the  as-growm  sampie.  We  can  conclud*  that  the  curves  in  fig  3  are  close  to  each  other. 
This  is  a  strong  et'idencc  for  the  low-tempe' arure  grown  lrL\s-Oa,\s  superiattice  being  fairly 
perfect  *i,  the  as-grewn  state  ir  spite  of  the  very  high  concentration  ot  excess-arsenic-related 
po*nt  defects.  A  probab'e  leason  of  this  fact  is  that  excess  arsenic  primarily  occupies  positions  in 
the  cation  sublattice  ard  its  diffjsiv’ty  is  low  at  200°C.  This  is  eorsistent  with  the  weak  diffuse 
scattering  detected  for  all  the  sample^.  Tiic  post  growth  amiealing  causes  excess  arsenic  diffusion 
and  precipitat’on.  Nanoscale  aisenic  cius'efs  located  at  rnAs  layers  have  been  observed  ir  the 
annealed  samples  by  transmission  electron  microscopy.  The  precipitation  should  induce  a 
considerable  roughness  of  the  thin  InAs  layers.  In  addition,  an  essential  snioolhin?  of  the 
interfaces  should  occur  as  a  result  of  indium  diffusion  upon  annealing.  These  phenomena  seems 
to  be  the  reasons  for  the  partial  disappearance  of  the  interference  fringes  in  tne  aniieaied  samples. 

Cencimions 

The  x-ray  diffracdon  ^hRXRD)  study  cf  flie  InAs-GaAs  superiattice  gfowir  by  MRE  at 
200°C  has  shown  that  this  suDerlattice  is  quite  perfect  in  as-grown  s.iate  in  spite  of  a  very  higii 
concentration  of  excess-arsenic-related  point  defects.  A  large  number  of  st-ong  superstructure- 
related  interference  reflections  and  low  diffu.se  scattering  have  been  observed.  The  experimental 
rocking  curves  are  close  to  a  calculated  ones.  The  post-growth  annealing  has  led  to  partial 
disappearance  of  the  x-ray  diffraction  fringes.  This  effect  seems  to  be  a  result  of  arsenic 
precipitation  and  indmn.  diffusion,  nie  average  indium  content  and  arsenic  excess  have  been 
deduced  from  HRXHD  data.  The\  are  found  to  be  well  consistent  with  the  values  obtained  by 
EPMA  and  NIRA  techniques. 
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INTRODUCTION 

The  development  of  advanced  techniques  to  control  compound  semiconductor  micro-  and  nano¬ 
structures  parameters  and  to  assess  their  property  is  of  great  importance.  The  scanning  probe 
micro.scopy  (SPM)  provides  new  possibilities  for  surface  analysis  and  diagnostics  with  very'  high 
resolution.  The  SPM  is  a  near  field  technique  which  is  based  on  the  interaction  between  a  sharp 
microtip  and  the  surface  atoms  and  molecules  while  scanning  a  portion  of  a  sample  area  [1].. 
Different  physical  parameters  resulting  from  the  origin  of  the  interaction  force  between  the  tip 
and  ihe  sui.ace  car-  be  probed.  The  atomic  force  microscopy  (AFM)  in  various  modes  of 
operation  enables  orobing  von  dcr  Waals  force,  lateral  friction  force  and  elastic  deformation 
force  [2j,  and  allows  sur+ace  heterogeneity  imaging  [3],  The  resolution  up  to  several  manometers 
in  the  scanned  plane  can  be  real  ised  with  a  sharp  enough  probing  tip  while  the  relief  height 
resolution  m-ky  be  as  high  as  several  Angstroms.  Earlier  we  reported  on  SPM  characterisation  of 
GiiA.s  AiG.a,^s  superiaUices  [4],  In  this  paper  we  report  on  the  APM  analysis  in  air  of  sunace 
InGaAs/Ga.As  dot  heterostructures. 

EXPERIMENTAL 

The  samples  with  GaAs/InGaAs  heterostructures  were  obtained  by  the  metailorganic  chemical 
vapour  deposition  (MOCVD)  process  with  the  F:PIQU1P-502RP  equipment.  Epitaxial  growth 
^s'Js  carried  out  in  the  112  -  Oa(CH3)3  -  AsH3  gas  medium,  trimethylindium  was  used  as  indium 
sourc-  rratci  ial.  Tiie  heterr  tructures  were  grown  in  an  atmospheric-pressure  vertical  reactor 
with  the  •nductior.  heating  of  substrate.  The  mclc  fraction  x  of  InAs  varied  from  0.4  to  0.66.  We 
(,sed  both  semi-insuiating  and  low-resisiant  GaAs  substrates  2*'  misoriented  with  respect  to  (100) 
niiine  in  the  ( 1 1 0)  direction,  with  the  buffer  GaAs  layer  of  about  0,5  mkrn.  The  growth 
te.mpcramre  \ariea  from  450'’C  to  600''C  range  for  GaAs  and  from  450‘’C  to  for  InGaAs 
for  different  samples..  The  growlh  conditions  enabled  the  formation  of  InGaAs  drops  on  the 
GaAs  surface. 

We  used  a  SPM  device  produced  by  'NT-MDT”  (Russia)  in  our  experiments.  NT-MDT  silicon 
cantilevers  for  ARM  measurements  were  used.  The  probe  lip  radius  was  about  10  nm  with  the 
cone  angle  20'’.  Tapping  mode  alongside  with  phase  contrast  technique  were  applied  to  reveal 
the  deialls  of  a  surface  stnicl-ure  and  to  get  rid  of  artefacts.  Surface  relief  and  phase  contrast 
images  were  registered  simult.aneously.  The  phase  co  •  Irasi  technique  enables  imaging  of  the 
chcn.ncal  composition  o'.er  the  scanned  surface  due  to  the  difference  of  the  interaction  between  a 
probe  and  '.h.;  surface  atoms  f3  j.  Pl-C  replicas  oftliO  surface  were  anaiysed  by  TPM  with  JEOL 
.’iPM-l'OOC), 
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RESULTS  AND  DlSC:USSION 

The  AFM  relief  image  of  the  sample  H  I  24  is  presented  ai  Fig.l,  while  Fig.2  shows  the  phase 
contrast  image  of  the  same  area  of  the  $•  -rface.  The  grows  temperature  for  InGaAs  was  550‘’C, 
jc«0,66.  The  drops  are  nearly  ..emiellipsoidal  objects,  their  size  about  200x300  nm  in  plane  and 
100  nm  in  height.  All  the  drops  of  the  array  are  oriented  in  the  same  direction.  Scanning  of  the 
large  area  up  to  20x20  mkm  has  not  revealed  any  regular  do;  location.  The  phase  contrast  inrsage 
corresponds  to  relief  image  and  corroborates  that  the  drop  substance  differs  from  that  of  the 
buffer.  The  tops  of  the  drops  are  flattened  in  Fig.2  which  affirms  that  the  phase  contrast  does  not 
result  from  the  changes  of  the  surface  relief  curvature.  Fig.3  represents  ^he  T.EM  replicas’  image 
of  the  same  sample.  It  correlates  well  with  the  AFM  picttires  though  it  is  clear  that  the  AFM 
enables  to  more  adequate  imaging  and  measuring  of  dte  drops. 


Fig.3.  TF.M  image  of  ( '  1 24  .sample  Fig  4.  l  iiM  image  of  H 1 22  sample 
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Fi^.S.  AFM  relief  image  of  HI22  sample.  Fig.6.  AFM  phase  contrast  image  ofH122. 

Fig.4.  represents  TEM  image  of  HI22  sample,  while  Figs.5,6  show  the  AFM  surface  relief  and 
phase  contrast  picture  of  the  same  area  of  that  sample,  the  grows  temperature  for  InGaAs  was 
450‘’C,  jcse0,66.  The  drops’  size  is  about  20  -  50  nm  in  plane  and  less  then  10  rim  in  height  but 
they  are  very  well  distinguished.  The  array  is  mot  e  disoriented  the  phase  contrast  image  is  in  a 
good  agreement  with  the  relief  image.  One  can  see  that  the  AFM  picture  correlates  with  the 
TEM  image  of  Fig:4  but  allows  to  distinguish  much  smaller  details  of  the  surface  morphology. 

CONCLUSION  ' t 

We  have  shown  that  the  AFM  technique  in  air  is  effective  for  the  surface  arialysis  of  compound 
semiconductor  nanostructures.  Thq  tapping  mode  of  operation  allov/s  non-destructive  ; 
characterisation  of  nanoscale  surface  objects  and  reduces  the  image  distdrtiori  due  to  lateral 
forces.  The  phase  contrast  technique  also  enables  to  exposure  the  heterogeneity  of  a  surface.  The 
spatial  resolution  up  to  10  nm  can  be  achieved. 

The  work  was  i^artially  supported  by  the  Russian  Government  program  ‘Actual  problems  of 
physics  of  condensed  natter:  surface  atomic  fractures’,  project  N  973.22. 
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GaAs  Schottky  barrier  diodes  and  transistors  are  currently  widely  used  devices  in 
high-perfonnance  analog  and  microwave  systems  They  usually  have  sub-micion  barrier 
electrodes  and  nonuniferm  doping  multi-layer  structures  with  layer  thicknesses  of  -100- 
1000  A.  Accurate  non-destructive  characterization  of  these  devices  is  extremely 
important  for  the  progress  of  GaAs  technology. 

Electrical  measurements  are  an  attractive,  non-destructive  vrav  of  determining  the 
device  structure  parameters  (doping  profile,  barrier  electrode  dimension,  carrier  mobility 
et  al.).  Undoubtedly,  capacitance-voltage  (C-V)  method  is  most  widely  used  for 
electrical  doping  profiling.  For  this  method  the  small-signal  capacitance  of  a  depietiun 
layer  is  mesuared  as  a  function  of  a  reversed  biased  voltage  V.  Then,  the  apparent 
doping  profile  can  be  found  by  the  application  of  a  simple  formula  N^pCW)  =  (l/eeE„)x 
[C  /(dC/dV)]  where  CQJ)  is  the  measured  capacitance  per  unit  area  and 
W  =  EEo/C(V)  The  standard  C-V  method  has  the  following  disadvantages  [1]; 

1.  the  abrupt  depletion  approximation  was  used  to  derive  the  data  interpretation 

formulae;  this  leads  to  error  in  the  detennination  of  step  profiles; 

2.  the  measured  data  must  be  differeniiated,  leading  to  a  considerable  noise  sensitivity. 

To  pdleviate  these  disadvantages,  the  concept  of  i.nverse  modelling  !jss  been  proposed 
(i].  Inverse  modelling  is  implemented  by  minimisation  of  the  difference  between 
measured  and  simulated  device  behaviour  by  iterative  adaptation  ofl he  parameter  values 
A  practical  disadvantage  of  inverse  methods  is  that  the  computational  requirements  may 
be  quite  high.  ' 

We  have  recently  presented  a  new  C-V  technique  for  evaluating  multi-layer  step 
profiles  [2].  The  main  points  of  this  method  are  as  follows: 

1 .  Determination  of  the  apparent  doping  profile  and  dNap/d  V  using  smoothing. 

2.  Condition  dN^p/dV  =  max  (or  min)  gives  the  bias  voltages  Vi  when  tlie  mean 
positions  of  a  modulated  space-charge  W(Vi)  =  EEo/C(Vi)  are  closed  to  positions  of 
the  step  bouiidaries  z  The  determined  values  z  j  are  used  as  starting  parameters  in 
following  optimisation  procedure. 

3.  To  extract  layer  doping  levels  and  correct  its  position,  we  use  optimization  procedure 
with  the  convergence  criteria 
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M  t;  =  t 

where  Vj^  is  applied  bias  voltage  (  k  =  1.2, ...M  ),  simulated  apparent  profile, 

and  A  is  specified  error  value.  We  use  Nap(V)  dependence  instead  of  C(V)  one  usually 
used  This  approach  provides  efficiency  and  fast  convergence  of  the  presented  procedure, 
since  N^pCV)  is  determined  by  local  pa.t  of  the  doping  profile  only.  Another  feature  of 
the  present  method  is  a  new  numerical  technique  for  C(V)  and  Nsim(V)  calculation 
instead  of  usually  used  "quasistatic  approach"  [1].  This  technique  provide  calculation 
dC(V)/dV  and  Nsin,(V)  with  extremely  high  accui  acy. 

The  other  important  problem  for  sub-micron  devices  is  the  influence  of  the 
parasitic  capacitances.  The  fringe  capacitance  Cf  and  pad  capacitances  both 

degrade  the  performance  of  short-gate  length  MESFET:.,  These  values  can  be  extracted 
from  S-paramefer  measurements  of  FETs  those  are  pinched  off  [3]. 

Recently  we  have  proposed  a  new  approach  to  solve  this  problem  [4].  Our 
method  is  based  on  the  measurement  of  the  C-V  characteristics  for  FETs  with  different 
gate  widths  and  Schottky  diode  test  structures.  The  total  measured  gate  capacitance  for 
'he  gate-source  or  gate-drain  diode  of  zero  bias  FET  is  given  by 

Cg(V)  =  Qh(V)  +  CKV)  +  Cpad, 

where  C^;h  is  the  gate-channel  capacitance.  Assuming  that  the  depletion-layer  edge  under 
the  gate  is  flat,  we  can  write: 

Cch(V)-LgxWgxCb(V) 

where  Lg  is  the  ^^ate  length,  Wg  is  the  active  gate  width  and  Cb  is  the  measured  low- 
frequency  Schottky  diode  capacitance  per  unit  area.  For  small  negative  gate  voltages 
(0>V>Vd/2,  Vii,  -  threshold  voltage),  the  fringe  capacitance  depends  only  slightly  on  the 
gate  bias  [5],  Using  this  fact  we  have 

Lg=[Cg(V+AV)-Cg(V)]/[Wgx(Cb(V+AV)-Cb(V))]. 

The  contribution  from  the  pads  are  best  eliminated  by  measuring  FETs  with  different 
gate  widths  Wg,  fitting  the  measured  capacitances  to  linear  function  of  Wg,  and 
substracting  the  resulting  intercept.  Finally,  the  fringe  capacitance  vs  gate  voltage  can  be 
founded.  The  method  is  valid  for  recessed  gate  structures  with  an  arbitrary  doping  profile 
and  surface-state;  it  may  be  applied  to  MESFET  and  MODFET  analyses  [4], 

In  this  work  we  demonstrate  the  application  of  the  proposed  capacitance 
methods  for  investigation  of  multi-layer  non-unifbnn  doped  nanometer  structures  and 
microwave  FETs  optimization  for  parasitic  capacitances  reduction.  Fig.l.  shows  tl.e 
results  for  our  C-V  profiling  method  in  comparison  with  the  classical  C-V  method.  It  is 
clearly  seen  that  the  classical  C-V  method  is  not  able  to  represent  the  sharpness  of  the 
steps.  The  spatial  resolution  of  our  method  may  be  I0-20A.  ft  shows  a  good  accuracy, 
stability,  and  convergence. 

Using  capacitance  measurements  and  new  numerical  technique  for  C(V) 
calculation  we  designed  multi-layer  step  doped  FET  structures  (Fig.2).  All  investigated 
structures  were  grown  by  MBE.  The  process  sequence  for  device  fabrication  has  been 
described  elsewhere  [6]  and  is  listed  below: 

a)  ohmic  cof.  .ict  metal  evaporation,  lift-off  and  ohmic  metal  alloy; 

b) device  isolation  by  mesa  etching  or  ion  implantation; 

c)  gate  formation  by  E-bcam  lithography  and  subsequent  liO-off; 

d)  device  pa.'Jsivation; 
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e)  overlay  metallization. 


Fig.l.  Classical  CV  method  and  proposed  extraction  method  results. 

fable  1  gives  the  main  characteristics  of  the  different  FETs  (Wg  =  200}im),  The  step 
doped  and  multi-layer  step  doped  FETs  have  high  transonductance  linearity  (Agn,/gn^ 
ratio  of  2-3  times  lower  then  those  of  typical  uniformly  doped  GaAs  MESFET) 
combined  with  higK  gate  breakdown  voltage  and  low  fringe  capacitance.  The  designed 
FETs  are  attractive  for  low-phase-noise  oscillators  and  low-harmonic -distortion 
applications. 


Table  1. 


Parameter 

Uniformly  doped 

FET 

Step  doped 
FET 

Multi-layer 
step  doped  FET 

Gate  length,  pm 

0.4.5 

0.75 

Saturation  current,  niA 

51 

60 

65 

Gate-drain  breakdown 
voltage,  Y  (I  =10uA) 

■■ 

14 

17 

0.28 

0.34 

0.30 

0.12 

0,09 

0.07 

j  Pads  capacit.ance,  pF 

0.04 

0.04 

0.04 

Thus  the  present  capacitance  methods  may  be  effectively  used  for  investigation 
and  design  of  multi-layer  non-uniform  doped  structures  and  sub-micron  microwave 
devices. 
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Capacitance  voltage  pcotiling  ol  heterostructures  v/iih  quantum  wells 
at  difterent  temperatures 

M.A.Melnik,  A.N.Piki)T.in,  A-V^olomonov,  V.LZubkw,  Is’.Bugge’* 

St.  Petersburg  FJectrctechnical  University 
Prof.  Popov  str.  5,  Sl-Petersbuig,  197376,  P.ussia 
“^’erdinand-Braun-Institut  fur  Hochstfrequen/.technik,  Berlin 

Structures  containing  single  quantum  wells  were  investigated  by  C~V 
profiling  at  different  temperatures.  The  structures  were  grown  by  J^OVPS  on 
GaAs-substrates  and  had  the  active  zone  as  a  high  power  laser  diode  (1].  The  layer 
sequence  of  the  structures  is  shown  in  Fig.l. 


620  nm  Alo^GadsAs 


150  nm 

Alo.2Qap.8-^s 

15  nm 
•■7i)A  • 

GaAs 

lnn  >4Ga  76  As  -  QW 

15  nm 

GaAs 

150  nm 

Alft2Gao.8As 

620  nm 

Alo^Gao^As 

300  nm 

n-GaAs 

n- 

•GaAs  -  substrate 

Fig.l.  Layer  sequence  of 
structure  being  tested 
(Sample  #020126) 
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Fig.2.  Apparent  profile  of  electron 
concentration  in  the  sample  with  QW 
(#020120,  T==300K) 


The  layers  except  300  nm  h-GaAs  were  specially  undcped  and  Schottky 
barriers  weiv  fabricated  on  the  top  of  the  structures. 

Fig.2  shows  measured  by  C-V  ••  techniques  the  carrier  distribution  in  the 
sample  containing  single  QW.  When  derived  the  free  carrier  concentration  we  took 
in  mind  different  values  of  dielectric  constant  s  in  the  layers  The  first  narrov^ 
peak  at  depth  786  mn  (Fig.2)  from  Schottky -barrier  cor.responds  to  the  carriers 
accumulated  in  the  InxGa,,,,A3  quanttim  well  and  the  second  one  to  AlopOaqrAs  / 
GaAs  -  heteroiunction.  We  have  measured  carefully  the  C-V  respon.'5e,  of  the  QW 
at  different  temperatures.  The  results  are  presented  in  Fig.3.  The  height  cf 
peaks  (n,;,,*)  and  the  half-width  A  >f  the  peaks  as  a  f unction  of  xempcraturc  can 


be  seen  in  insert  in  Fig.3.  Tt  ohoulcl  be  noted  that  Debye  length  in  tl.e:;e  materials 

n.cifi-® 

4.6e+'i6 
-<;.ite+lC 
3.nc*18 
3.0n+1C 
2.t.e^  IP 
2.0e+16 
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Fig.3.  Temperature  dependence  of  apparent  carrier  profile  across  the  QW 
(1  -  330K,  2  -  290X,  3  -  2V0K,  4  -  250K,  b  •  220K). 

Insert:  AmpUtude  of  the  peaks  and  their  half-width  as  a  function 
of  temperature.  ' 


is  about  IGO  nm  at  T=300K  and  nm  at  >.00K  (dopant  concentration  of  GaAs- 
laver  was  ai^proximately  It  moai:s  that  sub-Debye  resolution  .^k 

The  width  of  the  conrjentrabon  peakr  were  some  large.-  than  the  geon.^-tic 
width  of  the  quantum  well  itself  because  of  ihe  Debye  smearing.  It's  interesting 
that  other  hetercjancllons  were  not  displayed,  because  of  the  QW  had  completely 
depleted  the  sun  ounding  areas. 

In  the  intentionally  doped  structures  the  isotype  heteroj unction  p-Aio.2Ga0.eAs 
/o-AL^GuosAs  was  studied  into  details.  The  hole  distributions  near  the 
hetcro?unction  derived  ^rom  C-V-med'iurements  at  various' temperatures  are 
shown  in  Fig.  4  by  solid  lines.  The  amplitude  of  acrommodation  layer  s  signal 
increased  or.  60%  when  the  temperature  changed  from  290K  down  to  i20K  lo 
obtain  the  value  of  valence-band  offset  we  run  a  nu:.narica>  simulation  of  C-  V- 
profiles  by  solving  the  .Poison’s  equaion.  The  incomplete  ionisation  o.  holes  in 
A1  Ga,  -As  was  taken  into  consideration  [2].  The  results  of  tne  fittings  for  five 
temperatures  are  also  shown  in  ‘■'ig.4  by  bold  symbols.  The  value  of  valence-band 
discontinuity  (AE,)  in  p-Alo2G^a,As  /p-A1,,Ga,,As  was  39%  cf  the  totM  band-gap 
offset  at  room  temperature  We  found  that  the  relative  value  of  AE..  was 
temperaTure  dc-oendent  AEv  cl.ai.gca  monotonously  f-om  39%,  to  35%  wnen  the 
tein'perrture  dbci eased  from  300K  to  i20K.  Basing  on  the  data  [3|  we  found  the 
absolute  values  of  valence-band  effects  as  it  shown  .n  Fig.5. 


2b4 


In  addition,  the  temperature  dependence  of  total  band-{Jap  offset  AE^  is  presented 
in  Fig.5.  One  should  be  noted  that  the  temperature  coefficient  of  AE^  is  larger  than 
of  AEg.  The  nature  of  this  phenomenon  is  discussed. 
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Fig  5  Temperature  dependence  of  valence-band  offset  AE^  and  total  band  gap 
offset  AEg  of  the  p-Alo^GanaAs  /p-Alo.6Gao.5As  -  heterojunction. 

Error  bars  for  calculated  AEy  are  shown. 
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Capacitance  and  current  characterization  of  GaAs 
with  InAs  quantum  layer/dots 

A.  V.Murel,  VM.Daniltscv,  OJ.Khrykin,  V.LShasbkin 
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Nowsdavs  significant  attention  is  paid  to  research  of  quantum  dots  self-organizing 
processes  in  sirained  h<nerostructures.  In  this  paper  we  report  the  results  of  a  study  of 
GaAs/InAs/GaAs  heterostractares,  grown  by  metallorganic  chemical-vapor  deposition 
(MOCVD)  carried  out  by  the  electrical  methods.  The  thickness  of  an  InAs  layer  in  them  was 
varied  in  a  wide  range.  Optical  investigations  of  these  structures  were  published  earlier  [1]. 

The  GaAs/InA.s  epitaxial  heterostructures  .vere  gro’vn  in  gas  environment, 
H2-Ga  (CHsXr-AsHa,  at  atmospheric-  pressure  in  a  vertical  reactor  with  the  induction  heating  of  a 
substrate.  Trimelhylindium  was  used  as  indium  source  material.  We  used  both  semi-insulating, 
and  low-resistant  GaAs  substrates,  2°-misoriented  with  respect  to  the  [100]  plane  in  tlie  (110) 
direction.  Tlie  growth  temperature  was  varied  in  the  limits  550-650'’C  for  GaAs  and  450-650'’C 
for  InAs.  The  test  structures  were  essentially  epitaxial  layers  n-GaAs  of  0.5  microns  thickness 
with  electron  concentration  (i.5-3)xI0‘’  cm‘^.  At  depth  D=^0.15  microns  from  the  surface,  a  layer 
with  an  InAs  content  depending  on  duration  and  rate  of  the  deposition  was  built  in.  Earlier 
studies  by  the  electron  and  tunnel  microscopy  methods  revealed  growth  of  small  -  .several  tens 
nanometers  -  islands.  For  the  electrical  research,  diodes  with  Schottky  barriers  (SB)  of  500 
microns  diameter  v/ere  made  by  thermal  deposition  of  aluminium  through  a  metal  mask. 
Capacitance-voltage  (C-V)  characteristics  measured  on  frequencies  IMHz,  10  and  1  kHz, 
current-voltage  (I-V)  characteristics  were  registered  in  a  range  of  currents  10''^  -j-10'*  A. 
Measurements  were  carried  out  at  temperatures  300,  78  and  4  K. 

C-V  measurements. 

The  built  -  in  InAs  layers  were  placed  at  such  a  distance  from  SB  that  at  a  zero  bias  voltage  the 
_  width  of  the  space-charge  region  (SCR)  W  (0)  was  less  than  the  L.  C-V  looked  like  typical 
structures  containing  quantum  layers  (quantum  wells  and  dots),  i.e.  we  observed  a  step  of 
capacitance  when  SCR  SB  reaches  quantum  layers  [2,3].  In  fig.  1  the  experimental  CV-piofiles 
of  structures  with  various  thicknesses  of  a  InAs  layer,  expressed  in  effective  monolayers  (ML), 
are  given,  which  were  derived  from  C-V  plots,  measuied  at  78  K.  For  a  level  of  concentrati(>u  of 
carriers  in  a  matrix  2x10*’  cm’’  the  peak  in  a  CV-profiie,  connected  witV,  a  quantum  layer,  is 
resolvable  from  thickness  0.5  MT^  InAs.  The  estimation  of  surface  electron  charge  density  in  a 

quantum  plane  was  carried  out  either  by  numerical  integration  of  the  peak  in  the  CV-profile,  or 
from  the  size  of  the  plato  on  dependences  1/C’  (V)  [3],  In  fig.  2  the  dependence  of  n*  on 
effective  thickness  of  a  quantum  layer  for  threj  temperatures  of  measurement  is  given.  Up  to 
2ML  there  is  a  sharp  increase  in  nw  due  to  intensive  growth  of  the  number  of  islands.  From  2ML 
to  4ML,  the  growth  of  islands  proceeds  in  size  rather  that  in  number.  It  is  supposed  [4]  ibat  at 
excess  of  thickness  6ML,  the  islands  reach  the  critical  sizes,  which  is  accompanied  by  formation 
of  dislocations,  probably,  defects,  overlapping  and  coalescence  of  islands.  Nevertheless,  ii» 
does  not  decrea.se,  but  at  large  ML  a  stronger  temperature  dependence  iiw  (T)  ,is  displayed. 
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Fig.l.  C-V  profiles  of  heterostructures  with 
vasious  InAs  thicknesses  (in  ML), 
nonnalized  to  carrier  concentrations  in  the 
GaAs  matrix.  The  coordinates  in  x  arc 
arranged  relative  to  the  quantum  layer,  on  the 
y  axis  -  the  curves  are  shifted. 
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Fig.2.  Dependence  of  surface  concentration 
of  confined  electronoB  n,v  in  the  quantum 
layer  on  its  thickness  (in  ML). 


J~y.T  measurements 

With  higher  reverse  bias  voltages  the  quantum  layer  becomes  a  part  SCR  ot  a  semiconductoi  and 
can  influence  the  transport  of  carrierr  in  a  cross  direction  due  to  their  emission  and  capture,  and 
also  because  of  potential  barriers.  Pig.  3  show  the  reverse  I-V  of  structures  with  various 
thicknesses  of  the  InAs  layer.  It  is  seen  that  the  reverse  current  is  really  iixreased  up  to  5  orders 
in  comparison  with  the  structure  without  a  hiAs  layer.  The  1-V  dependence  changes  its  character 
at  large  ML.  It  is  most  clearly  seen  on  temperature  dependences  i-V-T  (fig.  4).  The  bottom  series 
of  curves  is  characteristic  for  samples  with  a  small  thickness  of  a  quantum  layer  (0.5-1. 5  ML).  At 
small  voltage  (up  to  -IV)  appropriate,  ac.ording  to  the  C-V  data,  to  an  arrangement  of  a  quantum 
layer  outside  the  SCR,  a  strong  temperature  dependence  of  a  current  is  observed,  caused  by  the 
process  of  overcoming  by  electrons  of  the  barrier  cn  the  interface  metat  /  semiconductor,  which 
makes  0.75-0,8  eV  from  the  CV  and  IVT  measurements.  When  with  an  increase  of  a  bias 
voltage  tlie  quantum  layer  gets  in  a  field  SCR,  the  temperature  dependence  of  current  becomes 
weak.  And,  accordingly,  the  derived  activation  energy  falls  practically  down  to  zero  at  a  rather 
laj-gc  bias  voltage  and  low  temperatures.  Out  of  all  possible  mechanism.s  of  increase  of  a  current, 
the  most  probable  one  is  growth  the  of  the  current  components  connected  with  minor  can  icrs. 
The  source  is  thermogen crated  holes  in  a  quasi-neutral  region  of  a  semiconductor,  which  fail  in 
the  tKJteniial  well  of  tl»e  quantum  layer  and  are  extended  to  the  area  of  conmet  by  application  of 
electrical  field  ‘o  the  latter.  Further  they  overcome  the  notential  barrier  by  means  of  thermo- 
emission  at  high  temperatures  and  tunneling  -  at  low  T,  thus  reaching  the  metal  -  semiconductor 
interface  and 
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Fig.3.  Reverse  I*V  for  structoes  \vith  various  Fig.4.  Temperature  dependences  for  two 
thickness  of  a  IrJVs  quantum  layer  (in  ML).  types  heterostructiues: 

Bottom  - 1 .5  ML,  top  -  8  ML  InAs. 

making  the  major  contribution  to  the  reverse  current.  Then,  the  activation  energy  is  supposed  to 
characterize  the  process  of  hole  emission  from  tlie  potential  well  of  the  quantum  layer.Foi 
samples  with  thicknesses  2-12  ML,  tlie  character  I-V  dependence  changes  (top  series  of  curves  in 
fig.  4),  the  activation  energy  of  carrier  transport  practically  ceases  to  depend  on  a  bias  voltage, 
and  the  curves  straighten  in  coordinates  Ig  I  vs  V*^^.  Such  character  of  dependence  is  usually 
associated  with  conductivity  caused  by  the  Pool-Frenkel  effect  for  emission  with  traps,  facilitated 
by  an  electrical  field  [5].  It  is  obvious  that  it  is  connected  with  fonnation  of  quantum  islands  of 
critical  sizes,  their  coalescence  and  thus  arising  defects.  On  the  basis  of  tire  above  experimental 
data  it  is  possible  to  assume  that  defect-  or  dislocation-free  quantum  layers  and/or  dots  will  be 
■  formed  up  to  thickness  <1.5  ML,  and  further  die  defects  manifested  are  fomied  most  likely  on 
the  islands  boundaries. 

Thus,  capacitance  research  has  allowed  to  uetermine  the  characteristics  of  quantum  layers, 
related  to  the  major  carriers  (confined  electrons),  in  potential  wells,  while  the  measurements  of 
cross  conductivity  characterize  emission  of  minor  carriers,  i.e.  holes  from  Quantum  layers/dnts. 

The  work  was  supported  by  RFER,  grant  N95-02-05870  and  Program  "Physics  of  Solid- 
State  Nanosiructures” 

References 

{.V.Ya.Aleshkm.SA.Giisev,V.M.DanirtsiivetaI  lntemat.Symp.”Nanostructures”,  St.Peterburg, 
Russia,  24-28  June,  1996,  p.l48. 

2.  V.  Ya. Aleshkin, E.  V.Demidov.A.  V.Murel  el  al.  Fiz.Tehn.Poluprovcd.,25,N6,l  991  ,pp.  1 047- 1 052. 

3. P.N.Brunkov,S G.Komikov,V.HUstinov  el al.  Fiz.Tehn.Poluprovod.,  30,  N5. 1996,  p.924 
4A.Yti.Egorov,A.E.Zhukov,P.S.Kop'ev  et  al.  Fiz.Tehn.Poluprovod.,  30,  N8,  1996,  p.l345. 
5.R.B.Hall  Thin  Solid  Films,  8,  N4,  1971 ,  p.435. 


269 
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We  have  observed  strong  effect  of  the  amplitude-modulated  ac  electric  field  on 
reflectance  spectra  of  probing  light  beam  in  GaAs/AlGaAs  heterostructures.  '’Tliis 
phenomenon  is  shown  to  be  due  to  the  availability  of  2DEG  and  excitons  in  buffer  layer 
of  the  GaAs.  It  may  be  used  as  a  basis  of  modulation  spectroscopy  which  can  be  named 
as 

radio-frequency  or  microwave  modulated  reflectance  (RMR  or  MMR) 
pro'rides  information  about  electrons  and  excitons  of  conducting  layers  with  very  low 
energy  of  external  action  being  required. 

The  hcterostructui  e  under  the  investigation  is  placed  between  the  plates  of  the  capacitor 
across  which  ac  voltage  is  applied  of  the  frequency  1-30  Mblz  (Fig.l).  One  plate 
(nearest  to  2DEG)  has  a  hole  through  which  the  probing  light  beam  falls  on  the  sample 
and  RMR  spectra  arc  obtained.  The  amplitude  of  the  ac  voltage  was  varied  from  0  to 
300  V,  with  the  inter- electrode  distance  being  1  mm.  The  external  ac  electric  field  causes 
the  spatial  redistribution  of  the  free  charge  carrier  density  along  tlie  heterosiructure  depth 
(Fig.2).  Tliere  are  some  effective  ways  in  which  external  ac  electric  field  redistributes 
the  electron  density.  One  possibility  is  that  the  electric  field  is  nc.mal  to  the 
heterostructure  layers.  It  disturbs  the  potential  energy  of  the  electrons  across  the  layers 
and  the  position  of  the  quantum  levels  in  the  quantum  well.  When  E^^.  is  directed  to  the 
2bEG  layer  from  the  GaAs  bulk  (Z-  direction),  the  quantum  level  moves  up  so  the 
barrier  that  separate  2DEG  from  doped  layer  of  AlGaAs  is  lowered.  Hence  the  electrons 
go  to  die  wide  well  in  AlGaAs  and  the  total  number  of  electrons  in  GaAs  buffer  is 
diminished.  opposite  direction  (-Z)  forces  the  remaining  electrons  to  move  deep 

into  the  GaAs  buffer.  In  such  a  way  under  the  action  of  the  free  electron  charge 
rlcusity  is  strongly  redistribut.  d  in  heterostructure  giving  rise  to  modulation  the  refrective 
index  or  attenuation  index  in  the  range  of  energy  near  interband  critical  points  (CP's). 
The  cxciton  states  in  GaAs  bulk  the  more  sensitivity  to  the  change  of  the  electron 
concentration.  For  this  reason  the  more  strong  effect  of  the  amplitude-modulated  ac 
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electric  field  on  reflectance  spectra  of  probing  light  beam  in  GaAs/AJGaAs 
heterostructurcs  near  energy  excitons  recombination. 


The  samples  used  in  our  experiments  were  the  modulation -doped  heterostructures 
GaAs/AljjGa^,  jjAs  (x  »  0.2  -  0,3)  grown  by  molecular  beam  epitaxy  with  parameters 
commonly  used  for  the  high-electron  mobility  transistors.  The  samples  are  characterized 
by  their  wide  buffer  layer  (Lj,)  of  the  GaAs.  The  mutual  arrangement  of  the  capacitor 
with  the  sample  and  fibers  is  illustrated  in  Fig.l.  Radio-frequency  voltage  V(t)  - 
Vo(l+cosQt)cosVt  is  modulated  in  the  amplitude  and  then  is  applied  across  the 
capacitor.  Modulation  frequency  Q  is  ~  2*10^  Hz,  V  is  high  -  or  superhigh  -  frequency 

10^  -  10^®  Hz.  Veuiations  in  the  modulation  frequency  from  10^  Hz  to  10^  Hz  does 
not  substantially  affect  our  results. 


Fig./.  The  spatial  arrangement  of  the 
sample  and  the  fibers.  Electric  field  Eac 
is  perpendicular  to  the  surface  of  the 
heterostructures 


Fig. 2.  Energy  diagram  of  the 
heterostructure  with  2D  electron  gas  under 
the  action  of  external  ac  electric 


Electric  field  strength  in  the  capacitor  is  defined  as  Eac="Vo/d  (d  is  the  spacing 
between  the  capacitor  plates,  d  ~  1  mm).  The  fiber  FI  is  aligned  in  coordinate  plane 
XZ  and  is  directed  at  angle  -  45^  to  the  structure  surface.  Being  rigidly  bound  with 
the  sample  this  fiber  forms  the  exciting  light  spot  of  -  100  |im  in  diameter.  A  little 
part  of  the  exciting  light  intensity  is  reflected  to  be  used  for  control  the  pump  intensity. 
The  exciting  light  beam  from  He-Ne  laser  (X  =  633  nm)  is  mechanically  chopped  at 
1.5-105  Hz.  The  fibers  F2  and  F3  a.'e-  used  to  measure  both  the  photoluminescence 
(PL),  photoreflectance  (PR)  and  RMR  intensities.  iL  worth  to  emphasize  that  we 
don’t  use  any  laser  excitation  when  the  RMR  is  m^Jasured.  Tlie  temperature  of  the 
sample  can  be  controlled  in  the  range  from  T1  =  290 to  T2  =  77K.  It  is  shown 
from  the  PL  spectra  that  the  electron  tempe.'ature  ( f  is  independent  of  the  electric 
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field  etrength  if  the  Eac  <  500V/cm.  We  observed  tlie  strong  difference  between  PR 
and  RMP  spectra  measured  at  room  temperature  not  only  in  the  vicinity  of  the 
but  Es/MGaAs  '0°  (EiS-^)-  must  be  emphasized  that  RMR 

spectrum  in  the  \icinity  of  the  is  absent  in  the  sample  whh  width  of  the 

buffer  layer  L<b  ~  l^tni.  The  RMR  and  PR  spectra  measured  in  tlie  sample  with  the 
L|3  ~  0.0l5jJtn  at  T2  —  771^  are  shown  in  Fig.4.  RMR  spectra  have  a  complex 
structure  in  the  v/ide  range  of  energy. 


Fig. 3.  PL.  PR  and  RMR  spectra,  for  the  sample  with  Ljj  ~  l{lm  at  T1=290K  after 
computer  processing.  The  PR  and  RMR  are  displaced  below  and  above  zero 
correspondingly 


Fig.4.  The  RMR  (F.ac  =  f.5*I0^V/cfn)  and  PR  spectra  for  the  sample  with  Lj,  ~ 
O.Ci5|imi  at  T2~77K 

A  comparison  between  these,  spectra  shov'c  that  the  most  distinction  is  observed  only 
in  narrow  region  (AE  ~  20meV)  close  to  the  energy  E  ~  1.508eV  (Fig.5).The 
tiPiperatnre  dependence  RMR  spectn^m  for  this  sample  is  more  drastic.  Increasing 
the  temperature  (rem  T1  to  T2  increased  the  signal  of  the  RVIR  more  than  thousand 
times. 
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F’ni.5.  The  RMR  and  PR  speclra  for  the  sample  with  Ljj  -  0.015).lm  at  T2“^77K 
and  1 .5*  10-^V/cm,  with  a  resolution  spectrometer  AE  0.7mV 

The  invcRtigations  of  tlie  RMR  open  up  new  opportunities  for  applications  as  a  new 
kind  of  the  modulation  spectroscopy  designed  for  the  contactless  characterization 
technique  of  highly  conductip.g  layers  iri  semiconductor  hetcrostructures.  ComBtonly 
used  photoreflectance  or  electroreflectance  technics  require  much  more  power  action  on 
the  object  than  the  RMR.  In  RMR  case  radio  -  freqtiency  or  microwave  radiation 
power  is  sabstantipJly  lower  than  the  light  pump  in  PR  and  PL.  In  addition,  there  are 
large  variety  of  radio-frequency  or  m'crowave  generators  and  amplifiers  (in  contrast  to 
light  sources),  which  enables  us  to  der'isc  a  new  iechriiqt;e.s  for  measurements  of  the 
RMR  or  MMR  spectra.  On  the  other  hand  the  strong  effect  of  modulated  ac  electric 
field  on  a  reflectance  of  light  gives  a  new  possibility  in  the  design  of  the  appropriate 
high-speed  optical  modulators. 
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DEEP  LEVEL  TRANSIENT  SPECTROSCOPY  OF  THE  InAs/GaAs  VERTICALLY 
COUPLED  QUANTUM  DOT  LASERS  STRUCTURES 

M. iM. Sobolev,  A.R.Kovsh,  V.M.Ustinov  ,  A.Yu.  Egorov,  A.E.  Zhukov,  M.V.  Maximov  and 

N. N.  Ledentsov 

A. F. Ioffe  Physical  lechnica!  Institute,  194021  St.  Petersburg,  Russia 

Recently,  there  has  been  considerable  interest  in  studies  of  carrier  localization  in  quantum 
dot  (QD)  heterostructures  [1-3].  A  remarkable  progress  tn  this  area  was  achiveved  recently 
when  direct  gro'vth  methods  involving  self-organization  phenomena  on  crystal  surfaces  were 
developed  [1].  First  injection  laser  with  low  current  density  and  high  temperahire  stability  based 
on  InAs  and  InGaAs  quantum  dots  in  GaAs  matrix  weie  created  at  A.F. Ioffe  Institute  [2], 
Additionally,  the  formation  of  new  type  of  QDs  structures  i.e.  vertically  coupled  QDs  via 
tunneling  suitable  for  fabrication  of  cascade  laser  has  been  demonshated.  At  the  same  time  the 
specific  growth  conditions  of  the  QDs  (low  temperatures  of  the  deposition)  must  stimulate  to 
generation  of  the  point  defects  in  the  vicinity  the  QDs  due  to  a  local  stoichiometry  variation 
during  the  growth  of  a  heteroepitaxia!  layer,  and  which  acts  as  centers  of  the  capture  and  of  the 
nonradiative  recombination.  At  near  room  temperature  the  thermal  emission  of  the  cturriers  from 
quantum  dots  and  they  retiapping  by  the  defects  must  causes  to  decrease  of  the  quantum 
efficiency  of  the  radiative  recombination  and  degradation  of  the  lasers.  In  this  work  we  report  on 
the  deep  level  transient  spectroscopy  (DLTS)  and  capacitance- voltage  (C-\0  studies  of 
InAs/GaAs  vertically  coupled  quantum  dot  (VECOD)  structures  inserted  in  an  active  region  of 
laser  diode.  The  QDs  are  formed  self-organized  in  a  p-type  GaAs  matrix  during  molecular  beam 
epitaxy. 

From  C-V  profiles  the  spatially  localization  associated  with  QDs  has  been  determined  (Fig.  1).  We 


■  voltv  ;  .  ■ 

Fig  1  The  apparent  carrier  concentration  profile  of  the  InAs/GaAs  vertically  coupled  quantum  dot 
(VECOD)  laser  structure  obtained  from  1  MhzC-V  measurements. 

apply  different  combinations  of  bias  voltages  Vb  and  of  filling  pulse  voltages  Vr  to  perform 
the  DLTS  study  of  the  regions  below,  coincident,  and  above  the  layer  with  VECODs.  The 
measurements  has  demonstrated  clear  signal  due  to  localization  of  carriers  in  QDs  Additionally, 
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some  co.-icentrf'tioii  of  deep  traps  cm'"  )  has  beeji  revealed  ia  the  region  spatially 

coincident  with  QDs.  Our  investigation  show  that  point  defects  forming  at  low  temperaMre  GaAs 
growth  during  multiple  InAs-GaAs  deposition  cycles  were  like  those  forming  in  GaAs  under  Ga- 
rich  condition.  Among  them  are  a  antisite  double  acceptor  Ghas  with  ionization  energies  77  and 
230  meV  from  the  valence-band  edge  [4]  and  HL5  defect  with  energies  390  meV,  We  found  that 
DLTS  spectra  are  changed  dramatically  for  isochronous  annealing  temperatures  below  a.id  above 
24b  K  and  for  cooling  conditions  Vf>0  or  Vb=0  (Fig.2).  After  annealing  at  T»>245K,  apart  from 


temperature,  K 


Fig.2.  DLTS  spectra  of  InAs/GaAs  vctically  coupled  quantum  dot  structures  at  the  various 
isochronous  annealing  temperatures  T,  and  preliminary  cooling  conditions  Vf  >0. 


fig.3.  DLTS  spectra  of  InAs/Ga.As  vertically  coupled  ei'>.  turn  dot  structures  at  the  various  Vf 
and  after  annealing  at  Ta<245K  and  preliminary  cooling  conditions  Vf>0. 


Identification 

and 


v/eil-known  foi‘  GaAs  EL  14  and  HL5 

Table  _ _ . _ levels,  El  electron  and  Hi  hole  levels  were 

Deep  Energy,  Cross  |  Identification  observed  (Table).  After  annealing  at 

level  mev  section,  and  Ta<245K  the  peaks,  relatea  to  these  levels, 

No _ cm^  I  origin  disappeared  and  other  broader  El*  and 

_  HI*  peaks  appeared.  The  position  of  the 

_ _  Q  Qp . .  HI  *  peak  in  DLTS  spectra  depended  on 

_  values  ot  Vf ,  annealing  temperature  Ta  . 

— - - - couling  conditions  (Vf>0  or  Vb  =0)  (Fig.  3) 

E2  235  1  3x10"”^  4  EL14{Ni')  [5]  optical  illumination  A  thermal 

- - - :  activation  energy  of  tie  Hl*level  also 

E3  426  4.2x1 NiOal®!  varied  from  132  to  199»neV  with  Vf ,  !». 

After  illumination  and  cooling  at  Vf  >0, 

HI _ 194  2.5x10~'i^ _ •  when  the  carriers  fi-om  QDs  photoexv.ited, 

_  _  peak  are  shifted  towards  the  position 

- - ^^8x10 - H!A0] - -  measured  at  Vf  ^  The  effects  observed 

H3  420  1.6x10-14  HL4{Cu)  [7]  Constate  that  formation  of  an 

- — - j - ^ - — .1 — additional  potential  barrier  takes  place  and 

Ta<Tac  Rf*  level  is  not  a  metastable  defect  The 

. .  position  of  the  HI  peak  in  DLTS  specitra 

E1*  110  5.2x10"^!^ _ depends  on  the  Vb  value  (Tig.4.).  Oh 

contrary,  tlie  amplitude  and  shape  of  the 

H1*  _ 194  2.5x10“ _ _  peak  are  not  changed.  A  energy  of  the  H I 

I  Lii  \  r-71  Icvel  Varied  ifom  89  to  194  meV.  A 

|h2>  I  420  I  1.6x10-14  |HL4(Ctt)[71  ,  energy  of  the  El  atrf  El- me,  comadent 

and  equals  llOmeV.  Our  results  allowed  us  to  conclude  that  HI,  El  and  Hi*,  El*  levels  are 
related  with  the  same  VECOD.  At  annealing  at  T.<245K  and  cooling  at  Vf  >0  QDs  are  occupied 
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—  Vb=  1.25  V 
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temperature,  K 

Fig  4  DLTS  spectra  of  In  As/GaAs  vertically  coupled  quantum  dot  stnictures  at  the  various  Vb 
and  after  annealing  at  Ta'^245K  and  preliminary  cooling  conditions  Vb-0. 
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by  earners.  Coulon.b  interaction  between  che  charged  QDs  and  deep  centers  located  in  regions 
close  to  QDs  takes  pJace  and  dipoles  are  formed.  The  electrostatic  potential  caused  by  these 
dipoles  is  superimposed  to  the  QD  potential  barriers  caused  by  conduction  and  valence  band 
discontinuities,  The  carriers  from  deep  levels  can  tunnel  into  quantum  dots  from  which  they  were 
previously  thennally  evaporated.  This  effect  is  responsible  for  the  appearance  of  the  broad  band  in 
DLTS  spectra  which  replaces  the  ELM  and  HL5  levels.  At  annealing  temperatures  T»  >245  K 
QDs  the  carriers  are  evaporated  from  QDs  and  dipoles  can  not  be  formed.  In  this  sense,  the 
observed  shift  of  the  energy  is  connected  with  an  effect  of  lowering  of  the  potential  barrier  for 
carrier  emission  from  VECODs  and  with  Pinneling  through  its  due  to  p~n  junction-induced 
electric  field. 
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Degradation  of  SCH  QW  and  GRIN  SCH  QW  with  short 
period  superlattices  GaAs/AlGaAs  lasers  grown  by  MBE 
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Prilutsky,  N.N.  Faieev 

A.F.Ioffe  Phystco -Technical  Inststute,  Russian  Academy  of  Sciences,  St. 
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In  our  work  we  investigated  an  eft'ect  of  laser  heterostructures  crystal  quality  to  the 
reliability  of  separated  confined  heterostructre  with  quantum  well  (SCH  QW)  lasers. 
Two  types  of  SCH  QV/  laser  heterostructures  have  been  choosen  for  the  investigations. 
The  .schematic  kind  of  structures  is  presented  on  fig.l.  The  first  type  is  an  area  of 
generation,  which  represents  GaAs  quantum  well  (QW)  with  barriers,  formed  by  the 
solid  solution  AlGaAs.  The  second  type  differes  by  that  the  barriers  are  formed  by  a 
short  period  binary  superlattice  AlAs/GaAs.  The  structures  are  grown  by  an  MBE 
method.  For  each  type  there  w'as  specially  grown  a  number  of  structures  at  various 

modes  of  growth,  which  v/ere  selected  and  controlled  by  the  RHEED  method.  ^  . 

High  resolution  X-ray  diffraclometry  was  applied  for  initial  diagnostics  of  obtained 
heterostructures;  a  widely  used  method  for  research  of  various  hetefostructures  [1].  The 
method  has  the  high  spatial  resolution,  comparable  for  a  certain  type  of  heterostructures 
to  the  resolution  of  transmission  electron  microscopy,  high  sensitivity  to  crystal 
structural  perfection,  making  possible  to  study  peculiarities  of  of  epitaxial  growth 
mechanisms  and  defects  generation  in  heterostructures  [2],  .  V  .  ► 


i.5pm-p+-GaAs 
• — 1  .Opm-p-Alo.7Gao.3As 
— 0.3pm-SLr  AlAs/GaAs 
lOOA-GaAs 
i.3pm-SL-AlAs/GaAs 

‘1  .Opm-n-Alo.7Gao.3As 
i.5pm-n-t-GaAs 
— n+-GaA3-substrate 


j— ~i3.5pnvp+-GaAs 
1  .Opm-p-^JoiGaosAs 
.3um-Alo.2Gao.8As 
lOOA-GaAs 
L3pm-Alo.2Gao.8As 

1  .Opm-rrAlo.7Gao.3As 
C.5pr>n-^-GaAs 
-GaAs-n'^^-sutsirate 


Type  II  Type  I 


Fig!  Schematica!  kind  of  the  grown  heterostiuctures. 
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Structure 

Ithr 

Type 

static  Debay-Waller 
factor 

A/cm2 

% 

cladding  QW  layer 

A254 

35 

I 

. 

A219 

.  250 

34 

I 

80 

0.67 

A224 

220 

35 

I 

200 

0.92 

A327 

175 

40 

II 

2900 

0.99 

A309 

180 

40 

II 

2500 

0.97 

Table  1.  Comparison  of  the  static  Debay-Waller  factor  for  cladding  QW  layers, 
threshold  current  density,  differential  quantum  etficiency  and  typ..  of  heterostructure 
with  lifetime  of  lasers. 


Preliminary  analysis  of  X-ray  diffraction  curves  (RC),  received  for  all  researched 
laser  heterostructures  confirmed  that  all  heterostructures  have  high  crystal  perfection. 
Epitaxial  layers  are  planar  with  the  sharp  interfaces,  density  and  size  of  structural  defects 
are  not  this  large  to  introduce  nonplanarity  of  layers.  The  volume  strain  and  diffuse 
scattering  resulted  (in  conditions  used  for  measuring)  in  the  smoothness  of  interference 
fringes  and  broadening  of  the  main  diffraction  peaks.  On  fig.2  there  are  shown 
experimental  and  calculated  characteristic  RCs.  The  difference  in  parameters  of 
experimental  RCs  from  the  calculated  ones  (the  comparison  was  performed  from  the 
factors  of  reflection  of  the  basic  structural  peaks  -  from  the  substrate  cladding  quantum 
well  and  emitter  layers)  is  at  good  agreement  with  the  fonn  of  curves,  which  mdicatc's  an 
existence  of  crystal  defects  of  mainly  dot  or  claster  types  in  the  investigated 
heterostructures.  For  precise  fitting  the  parameters  of  calculated  curves  was  used  the 
static  Debay -Waller  factor  without  consideration  of  the  size  of  defects.  The  values  of 
obtained  static  Debay-Waller  factors  are  submitted  in  table  1 . 

There  were  also  manufactured  laser  diodes  from  the  heterostruclures  investigated  by 
X-ray  method.  They  have  a  form  of  a  sfripes  of  IOOmkm  in  width  and  700mkm  in  length 
with  SiOa  isolation  and  mirrors  formed  by  cleaving  without  special  coatings.  The  diodes 
were  mounted  on  heatsinks  with  the  p-layer  located  downwards.  The  devices  are 
characterized  by  the  good  threshold  characteristics  in  the  range  180-250  A/cm2  and 
differential  quantum  efficiencies  in  the  range  70-80%.  These  data  demonstrate  high 
quality  grown  heterostructures.  For  each  heterostructure  there  was  estimated  the 
average  lifetime  for  a  series  of  laser  diodes  at  an  emitting  power  of  0.4W  on  each  min  or, 
which  is  shown  in  table  1.  The  analysis  of  degraded  lasers  has  shown  that  degradation  is 
caused  by  development  of  defects  of  dark  lines  in  the  field  of  generation. 

The  comparison  of  the  static  Debay  Waller  factor  for  various  layers  with  the  lifetime 
of  lasers  shows  that  crystal  lattice  perfection  of  cladding  QW  layers  determined  from  X- 
ray  date  by  means  of  the  static  Debay- Waller  factor  correlates  well  with  the  degradation 
characteristics  of  laser  diodes.  And  though  ihe  obtained  data  do  not  permit  to  estimate 
quantitatively  the  density  and  size  of  growth  defects,  as  far  as  detailed  measurements^  of 
diffuse  part  of  scattered  X-ray  radiation  are  necf?6>&;?y  for  this  purpose,  for  qualitative 
estimations  of  the  degradation  charaf’teristics  of  laser  structures  is  seemed  well  correctly 
applying  the  double  crystal  difractometry  and  the  static  Debay-Waller  factor  as  basic 
parameter  for  an  estimation  of  structural  perfedifen,  The  lifetime  of  laser  diodes  has 
appeared  to  be  sensitive  to  the  value  of  the  statia.  Debay-Waller  factor,  while  such 
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Fig.2.  F.xperiiaental  (top)  and  calculated  (bottom)  RCs  for  heterostructure 
A224(type  I)  and  A327  (type  II). 

features  as  a  threshold  cun  ent  and  the  differential  quantum  efficiency  are  not  affected  by 
the  wide  variation  of  crystal  perfection  of  the  quantum  well  cladding  layers.  The  higher 
crystal  perfection  is  reached  by  applying  a  binary  superlattice  AlAs/GaAs  as  a  cladding 
layer  instead  of  a  solid  solution  AlGaAs  (as  shown  at  Table  1).  Obtained  result  shows 
tha  applying  the  shoK  period  binary  superlattices  permits  to  obtain  higher  quality 
semiconductor  heterostructures  at  wide  range  of  growth  parameters  in  comparison  with 
hetcrostructures  based  on  the  solid  solution  AlGa.As. 

This  work  v/as  supported  by  the  Russian  Foundation  for  the  Basic  Research  (Grant 
N97-02-18153). 
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Fabrication  of  silicon  quantum  dots  by  pulsed-gas  plasma  processes  and  their  properties 

Shunri  Oda 

Research  Center  for  Quantum  Effect  Electronics 
Tokyo  Institute  of  Technology 
O-Okayama,  Meguro-ku,  Tokyo  152,  Japan 

We  have  proposed  a  novel  method  for  the  fabrication  of  nanocrystalline  silicon  (nc-Si)  quantum 
dot  structures  with  size  less  than  lOnm  and  a  very  small  spread  of  size  (lnm).[l-4] 
Nanocrystalline  silicon  is  formed  by  very-high-frequency  plasma  decomposition  of  silane  [5]  and 
coalescence  of  radicals.  The  basic  idea  for  the  formation  of  uniform  structure  is  separation  of  the 
nucleation  and  the  crystal  growth  processes.  We  have  introduced  hydrogen  gas  pulse  into  a  silane 
plasma,  that  enhances  nucleation  of  nc-Si  particles.  The  nuclei  grow  in  size  in  the  silane  plasma 
during  the  off  state  of  hydrogen  gas  supply.  The  next  hydrogen  gas  pulse  forces  nc-Si  particles 
grown  in  the  previous  cycle  out  of  the  plasma  cell  into  the  deposition  chamber  and  the  next 
nucleation  of  nc-Si  is  enhanced  simultaneously. 

Nanocrystalline  silicon  particles  can  be  deposited  onto  any  kind  of  substrate  at  room 
temperature.  Typically,  as  substrates  we  used  carbon  microgrids  for  TEM  measurements,  quartz 
for  photoluminescence  measurements  [6]  and  thermal  oxidized  silicon  with  patterned 
polycrystalline  silicon  electrodes  Rir  electrical  measurements.  Nanocrystalline  silicon  particles  are 
not  stick  firmly  onto  the  substrates  but  adsorbed  by  the  Van  der  Waal.s  force.  Hence  the  position 
of  nc-Si  particles  can  be  manipulated  by  AFM  tip  while  observing  the  image.  We  have  also  found 
that  nc-Si  paiticles  are  deposited  preferentially  at  the  steps  of  substrate  surfaces. 

Natural  oxide  which  covers  the  surface  of  nc-Si  plays  very  important  role  in  the  characteristics 
of  nc-Si.  First,  the  oxide  sems  as  a  potential  bander  which  controls  charge  and  energy 
quantization,  and  tunneling  current.  Second,  the  oxide  passivates  the  surface  dangling  bonds 
resulting  in  reduction  in  electron  traps  and  enhancement  of  luminescence  efficiency.  Thirtf,  the 
oxide  ser\'es  as  glue  for  nc-Si  to  fix  to  the  substrates. 

Electrical  properties  of  nc-Si  were  measured  using  nano  structured  electrodes  with  a  very  small 
gap  of  25nm  prepared  by  EB  lithography  and  ECR  reactive  ion  etching.  [7]  Current-voltage 
characteristics  fi'om  a  single  dot  and  an  aiTay  of  multiple  dots  were  measured  at  various 
temperature  between  77-300K.  Some  of  the  structures  in  I-V  curve.s  can  be  interpreted  by  a 
model  of  single  electron  tunneling. 
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Fabrication,  characterization  and  manipulation  of  aerosol  clustsrs 
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INTRODUCirON 

Nanometer-scale  semiconductor  crystals  are  of  considerable  interest  due  to  tlieir  electronic 
quantum-size  effects.  However,  the  fabrication  of  such  structures  remains  difficult  regarding 
both  the  size  and  the  size  uniformity.  A  large  deviation  in  particle  diameters  will  average  out  the 
quantum-size  effects.  Several  attempts  have  been  made  to  produce  this  type  of  nanocrystals.  All 
these  attempts  are  characterized  by  the  fact  that  the  nanocrystals  are  bound  in  one  or  the  other 
way  to  surrounding  material.  Most  of  those  methods  result  in  nanocrystals  vith  wide  size 
distributions.  In  this  paper  we  present  a  new  fabrication  route  to  produce  size-selected  III-V 
semiconductor  nanocrystals  via  a  simple,  reliable,  and  efficient  aerosol  route. 

Another  interesting  feature  of  aerosol  produced  nanocrystals  is  that  they  after  deposition  can 
be  repositioned  in  a  controlled  way  by  using  an  atomic  force  microscope  fAFM).  The  AFM 
technique  which  allows  the  fabrication  of  arbitrary  two-dimensional  structures  can  be  an 
approach  to  nanccrystal  electronic  devices.  Here  we  demonstrate  the  ability  to  manipulate 
aerosol  particles  as  small  as  10  nm  in  diameter. 

METHOD 

The  fabrication  route  utilizes  the  formation  of  an  aerosol  of  ultrafine  group-HI  particles.  The 
aerosol  is  formed  by  evaporating  the  metal  in  a  tube  furnace  and  subsequent  cooling  down  the 
vapor.  The  aerosol  particles  are  charged  aad  size  selection  takes  place  in  a  differential  mobility 
analyzer  (DMA).  This  instrument  is  a  conventional  tool  in  aerosol  technology  for  both  the 
fabrication  of  size-selected  test  aerosols  and  the  measurement  of  aerosols.  It  size-selects  by 
balancing  the  mobility  of  charged  particles  in  an  electric  field  with  the  force  of  the  gas  used  to 
flush  unwanted  particles.  The  size  distribution  reached  is  mainly  depending  on  the  gas  flows  and 
can  be  very  narrow,  e.g.  ±5%.  The  monodisperse  group-in  aerosol  is  then  mixed  with  a  group-V 
containing  gas  and  sent  into  a  second  furnace  for  reaction.  After  the  reaction  furnace,  the 
particles  produced  may  be  deposited  on  a  substrate  by  means  of  an  electric  field.  The  reaction 
process  can  be  monitored  with  a  second  differential  mobility  analyzer.  Figure  1  shows  a 
schematic  diagram  of  the  process.  Since  this  approach  includes  the  reaction  bf  aerosol  particles 
and  a  self-organized  growth  of  a  new  compound,  all  in  the  aerosol  phase,  we  call  this  process, 
aeroiaxy  [1]. 

The  nanocrystals  are  produced  using  an  aerosol  generator  setup  similar  to  that  used  in 
previous  studies  [2].  Experiments  were  performed  with  either  gallium  or  indium  a.s  source 
material.  The  metal  was  placed  in  a  tube  furnace  and  heated  up  to  a  suitable  temperature  (about 
1  ICKy  C)  resulting  in  a  sufficiently  large  number  of  panicles  with  a  diameter  below  20  nm.  The 
particles  were  transported  with  hydrogen  as  carrier  gas  via  a  charging  device  and  a  DMA  into  a 
second  tube  furnace.  Before  entering  the  furnace  a  flow  of  either  ammonia,  phosphine  or  arsine 
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was  mixed  to  the  aerosol  flow.  The  hydride  flow  was  kept  small  thus  not  altering  the  aerosol 
flow  conditions.  However,  the  number  of  hydride  molecules  to  the  total  number  of  metal  atoms 
in  the  reaction  zone  was  of  the  order  of  10^  to  10'^. 


Fig.  1 :  Schematic  diagram  of  the  aerosol  generation,  sizing  and  reaction  process. 

We  used  a  Topometrix  Explorer  1000  AFM  operated  in  ambient  air  for  irsiaging  attd 
manipulation.  Electron-beam  deposited  tips  of  radii  down  to  10  nm  were  used  to  achieve  high 
resolution  and  avoid  picking  particles  on  the  lip.  The  procedure  for  moving  a  paiticle  is  as 
follows:  (i)  The  position  of  the  particles  on  the  surface  are  imaged  by  scanning  in  the  non- 
contact  mode.  In  this  mode  the  lateral  forces  between  tip  and  sample  are  sufficiently  low  to 
avoid  unintended  movements  of  the  particles,  (ii)  Scanning  is  then  interrupted  and  the  tip  is 
positioned  close  to  the  particle  of  interest,  (iii)  By  moving  the  tip  along  a  line  crossing  the  center 
of  the  particle  with  the  feedback  loop  turned  off  it  will  push  the  particle  ahead,  instead  of 
following  its  contours  as  in  normal  imaging  mode.  In  this  way  the  AFM  tip  can  reposition  an 
individual  particle  several  hundred  nanometers  without  interacting  with  any  other  particles  on 
the  surface,  (iv)  The  feedback  loop  is  turned  on  again  and  a  new  image  is  scanned  in  order  to 
reveal  the  effects  of  the  manipulation. 

RESULTS 

The  kinetics  of  the  growth  of  the  nanocrystalline  semiconductors  is  deduced  from  the  depen¬ 
dence  of  the  nanocrystal  formation  on  temperature  and  reactants  flow.  Figure  2  shows  one 
example  for  the  reaction  of  indium  droplets  with  phosphine.  This  analysis  leads  to  a  consistent 
picture  and  a  good  understanding  of  mechanisms  involved  (indicated  in  figure  2).  The  first  step 
is  a  decrease  of  particle  diameter  caused  by  evaporation  processes.  The  evaporation  signature 
disappears  once  the  reaction  of  the  metal  with  the  hydride  is  seen  to  begin  whereas  without  a 
hydride  present  the  particle  diameter,  and  even  the  particle  concentration,  decreases  further.  The 
reaction  of  the  small  droplets  starts  at  low  temperatures,  lower  than  expected  from  investigations 
of  vapor-phase  growth  processes,  However,  the  temperature  range  for  the  reaction  is  depending 
on  the  chemistry  of  the  hydride.  The  use  of  aimuonia  demands  a  high  temperature  while  arsine 
as  well  as  phosphine  react  at  a  much  lower  temperature. 

After  the  reaction  step,  a  stable  plateau  is  reached  where  the  diameter  of  the  particles  is 
almost  constant.  Here,  all  metal  in  the  particle  has  reacted  with  the  hydride  and  formed  the 
compound  material.  The  size  of  the  final  nanocrystal  is  in  a  self-limiting  fashion  dependent  on 
the  diameter  of  the  introduced  size-selected  droplet.  With  further  increasing  temperature,  the 
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Mean  particle  diameter  [nm] 


Fig.  2:  -of  the  tncan  particle  diameter  of  the  reaction  of  indium  particles  Widi  phosphine  for  different 

temperatures  and  varying  phosphine  flow. 


f'ig.  3:  Tran.snii.ssion  clectnin  micrograph  of  an  indium  nitride  nanoparticlc  about  12  nm  in  diameter. 
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AFM  manipulation  of  10  nm  indium  particles 


Fig.  4:  illuslnilion  of  ihc  conlrollccl  icpositii>nii)g  of  lO  nni  iiidiuiii  piiriicics  wtih  :in  iikiir.i';  fvircc  mic 
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particle  diameter  increases  again.  This  process  can  be  attributed  to  a  homogeneous  cracking  of 
the  hydride  in  the  gas  phase  and  subsequent  condensation  of  the  grpup-V  component  on  the 
already  existing  III-V  particle,  thus  leading  to  an  increase  in  the  particle  diameter. 

In  addition  to  investigations  of  the  kinetics  of  the  formation,  extended  investigations  of 
produced  nanocrystals  by  electron  microscopy  and  other  techniques  were  carried  out  to  get  a 
more  comnlele  picture  on  the  formation  of  the  particles.  This  included  the  determination  of  the 
crystal  structure,  the  size,  and  the  composition  of  the  particles.  The  final  ni-V  particles  exhibit  a 
good  crystallinity,  although  dependent  on  the  process  conditions,  figure  3  shows  one  example, 
The  tracing  of  the  group-V  content  of  metal  droplets  reacting  with  a  hydride  at  various 
temperatures  shows  the  development  of  the  formation  of  the  III-V  nanocrystals  during  the 
process.Figure  4  shows  a  sequence  of  images  where  two  10  nm  aerosol  produced  In  particles  are 
manipulated  on  a  GaAs  surface.  The  arrows  indicate  the  directions  of  the  tip  movements.  By 
measuring  the  widths  of  two  particles  as  separate  and  after  they  have  been  brought  together  we 
are  able  to  estimate  their  true  lateral  size  [3].  In  the  case  of  the  In  particles  in  Fig.  4  such 
measurements  gave  a  lateral  size  equal  to  their  height,  10  nm,  indicating  a  spherical  shape. 

SUMMARY 

To  summarize,  we  were  able  to  fabricate  size-selected  nanocrystals  of  different  III-V  com¬ 
pounds  in  a  diameter  range  below  20  nm  using  the  aerotaxy  method.  Utilizing  the  reaction  of 
either  ammonia,  phosphine  or  arsine  with  eitlier  gallium  or  indium  droplets  GaN,  GaAs,  InN  and 
InP  clusters,  respectively,  were  formed.  Our  approach  opens  the  possibility  to  produce  size- 
selected  semiconductor  nanocrystaJs  with  considerable  freedom  in  composition  and  size.  It  will 
allow  new  types  of  self-assembly  and  control  of  quantum  dots. 
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Nanocrystalline  YBaoCusO?-.^  powders  have  been  prepared  by  a  citrate  gel  modification  of 
the  sol-gel  technique.  Using  relatively  low  temperature  T  =  790  °C  and  a  process  of  extriictiiig 
oxygen  and  reoxydizing  the  precursor  powder  it  was  possible  to  avoid  cintering  of  the  naiticles. 
According  to  x-ray  powder  diffraction  analysis  the  particles  have  orthorhombic  structure  pertinent 
to  the  YBa2Ca3 07-phase.  Measurements  made  by  atomic  force  microscopy  show  that  they  have  flat 
shape  with  two  maxima  in  the  tliickness  distribution,  one  at  1.2  nm  («v  Ic)  and  the  other  at  3.8  nin 
(~  3c),  corresponding  to  one  or  three  orthorhombic  unit  ceil  lengths  of  the  crystal.  The  average 
width  of  the  particfes  is  40  nm  A  similar  value  could  be  obtained  from  XRD  measurements  and 
the  width  of  microwave  absorption  line  around  zero  applied  field. 
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MBE  growth  and  characterization  of  ferromagnetic  MnAs  layers 
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Studies  of  epitaxial  growth  and  properties  of  ferromagnetic  thin  films  on  semiconductors 
are  very  attractive  because  of  possibility  to  integrate  magnetic  with  seniiconductor  in  the  same 
electronic  device  [IJ.  The  integration  is  expected  to  lead  to  quite  new  element  base  for  opto-  and 
microelectronics.  Among  known  feiromagnetics,  MnAs  is  the  one  that  complies  reasonably  with 
the  requirements  which  should  be  met  for  such  kind  of  applications.  Although  investigations  of 
polyorysialline  MnAs  magnetic  films  deposited  on  amorphous  substrates  were  started  a  long  ago, 
epitaxial  hdn.As  layers  on  Si(lOO)  and  GaAs(lOO)  were  grown  quite  recently  [2,3],  In  these 
studies,  it  was  found  that  conditions  of  formation  of  ferromagnetic  /  semiconductor  interface 
influence  greatly  to  structural  and  magnetic  properties  of  grown  layers. 

In  :his  paper,  we  investigate  growth,  crystalline  s  ructure  and  magnetic  properties  of 
epitaxial  MnAs  films  on  hetcroepitaxial  CaF2/Si(Ill)  substrates,  that  ha^'e  been  thoroughly 
studied  before  [4,5]  ,  as  well  as  on  As-Si(l  11)  substrates.  It  is  demonstrated  that  by  means  of 
molecular  beam  epitaxy  (MBE)  such  ferromagnefic  films  may  be  grown  with  high  crystalline 
quality  and  well  pronounced  magnetic  properties. 

All  the  heterostruPtures  were  grown  m  a  small  research  MBE  system  at  Pliysico  - 
Technical  Institute.  After  conventional  chemical  treatment.  Si  substrates  were  loaded  into  the 
growth  chamber  where  they  were  armealftd  at  1250"C  to  evaporate  silicon  oxide.  This  procedure 
allows  to  obtain  atomically  clean  Si(l  11)  surface  with  7x7  superstructure.  Crystalline  quality  of 
suh  trate  as  well  as  growth  of  both  buffer  layer  and  ferromagnetic  film  were  monitored  in  vtu  by 
reflection  high  energy  electron  difr'raction  (R.HEED)  at  electron  energy  I5keV.  The  RHEED 
patterns  for  [i  TO]  and  [1 12]  azimuths  showed  streaks  indicating  the  corresponding  layer  to  be  a 
single  crystalline  with  surface  being  smooth  in  atomic  scale.  A  profilometer  was  used  to  measure 
film  thickness.  For  #702,  #703,  #717  structures  (See  Table  1) ,  MnAs  was  deposited  at  300"C  on 
a  I  n  nm  thick  pseudomorphic  CaF2  buffer  layer.  The  buffer  layer  was  grown  by  two-step 
technique  [5].  In'  other  stamtures  As-Si(l  1 1)  surface  was  prepared  folio', ving  the  method 
descubed  in  Ref  2,  In  order  to  protect  the  grown  layers  from  possible  ambient  contamination, 
Mii.\s  film  was  covered  with  a  few  monolayers  of  CaFa. 


388 


Table  1  Structural  and  magnetic  parameters  of  the  MnAs  films. 
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The  samples  were  studied  in  single  crystal  geometry  on  High  brilliance  D/max  RC  system 
(Rigaku  Corp)  X-ray  diffractometer  with  copper  target.  The  primary  beam  divergence  was  less 
than  5  arc.  min.  To  detemune  both  film  ciy'stallinity  and  its  phase  content,  X-ray  rocking  curves 
were  taken  in  wide  angle  range. 


Fig.  I  X-ray  diffraction  curve  obtained  from  MnAs  film  on  CaFySifll  1)  substrate  {sample  ff7J7). 

Fig.l  presents  a  typical  X-ray  rocking  curve  obtained  from  a  MnA3/CaF2/Si(l  11) 
heterostructure  (sample  #717).  Presence  of  (0002),  (0004)  and  (0006)  peaks  on  the  curve  shows 
that  a  single  crystalline  MhAs  film  was  obtained  v/ith  a  hexagonal  structure  and  (OOOL)  growth 
direction.  Pairs  of  peaks  in  se\  eral  diffraction  orders  indicate  that  two  phases  are  present  in  the 
film.  Positions  of  main  diffraction  peaks  give  for  the  lattice  parameter  c  value  of  S.714i:0  002.4 
that  is  the  same  as  in  oc-MnAs.  Smaller  peaks  bn  the  tails  of  the  main  peaks  correspond  to 
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orthorhomboedral  structure  of  ^MnAs  ^^hich  is  close  to  that  of  cc-MnAs  [2].  The  observed  peaks 
originate  from  diffraction  on  (111)  and  (001)  planes  of  paramagnetic  phase,  The  distinctive, 
features  in  rocking  curves  are  also  present  for  other  samples  where  a-MnAs  with  hexagonal 
struemre  and  (OOOL)  growth  direction  seems  to  be  the  dominant  phase  while  the  P  -MnAs  phase 
proportion  is  less  than  10%.  The  sole  exception  is  provided  by  sample  #714  where  the  P-MnAs 
phase  dominates  with  lattice  parameter  c=5.62A  and  prevailing  giowth  of  grains  along  (001) 
direction.  The  (COOL)  oriented  a-MnAs  phase  and  (111)  oriented  P-MnAs  phase  grains  could  be 
also  observed  in  a  small  proportion. 

For  more  detailed  study  of  film  structural  quality,  o  and  (co,2co)  rockmg  curves  were 
measured  in  the  vicinity  of  diffraction  peaks  of  the  dominant  phase.  The  results  were  treated  in 
mosaic-block  crystal  model.  Grrain  size  along  the  direction  normal  to  substrate  (U),  microstrain 
existing  in  grains  (e),  and  grain  misorientation  (©)  were  estimated  and  listed  in  Table  1.  One  can 
see  that  films  grown  on  a  CaFa  buffer  layer  have  better  crystalline  quality  evaluated  by  smaller 
values  of  n-ucrostrain  inside  the  grains  and  less  misorientation  of  the  latter,  tt  is  worth  noting  that 
grains  of  the  second  phase  are  two  times  smaller  and  have  less  perfect  structure. 

The  surface  morphology  of  the  grown  films  was  measured  with  an  atomic  force 
microscope  (AFM)  P4-SPM-MDT-16  operating  in  contact  topography  mode.  Fig.2  presents 
AFM  images  of  samples  #702  and  #722  g'own  on  CaF2/'Si(i  U)(a)  aJ)d  AS'Siflll)(b) 


Fig.2  AFM  images  of  samples  #702  (a)  and  #722  (b).  Scanned  area  4  x  4  |t.  Maximum  height 
deviations  are  30nm  for  (a)  and  250nm  for  Co).  Note  for  (a)  tj'pical  height  deviation  is  only  lOnm. 


Characteristic  six-fold  faceting  observed  on  the  images  confirms  the  X-ray  results 
described  above.  One  can  see.  the  film  grown  on  CaF2  buffer  layer  is  much  smoother  with  typical 
deviation  of  the  height  only  10  nm.  Besides  it  was  found  that  4°  misorientation  of  sub.strate 
surface  with  respect  to  Si(l  1 H  plane  for  sample  #714  leads  to  formation  of  phase  with  a  distorted 
pseudo- cubic  structure.  This  is  in  agreement  with  X-ray  diffraction  measurements  indicating  that 
p-MnAs  (OOl)-oriented  phase  prevails  in  the  sample. 
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The  magnetization  of  3x1x0  3  mm  size  pieces  of  the  studied  samples  was  measured  at 
room  temperature  wixh  an  alternating  gradient  force  magnetometer  in  the  same  way  as  was 
described  in  Ref  2.  Fig. 3  shows  the  (M-H)  curves  for  samples  #702  and  #714  in  the  geometry  of 
H  being  parallel  to  [112]  direction.  The  #702  film  appeared  to  be  isotropic  in  the  plane  of 
substrate  as  opposed  to  the  #714  sample  whose  magnetic  properties  in  the  same  plane  were  found 
to  be  quite  anisotropic.  The  parameters  of  (M-H)  magnetization  curves  for  several  samples  are 

presented  in  the  Table  1.  Here,  IT  stands 
for  coercive  field,  M^  and  M,  -  for  remnant 
and  saturation  magnetization  respectively. 
It  is  seen  that  the  value  of  He  for  #702  is 
twice  less  than  that  of  #703  and  almost  an 
order  of  magnitude  less  than  He  for  #714.  It 
is  also  small .  comparing  with  the  values 
obtained  in  Ref  2.  It  is  worth  to  mention 
that  small  value  of  He  is  known  to  indicate 
high  structural  quality  of  the  nraterial.  7  he 
saturation  magnetization  M,  of  #702 
sample  appears  to  be  higher  than  that  of 
#714  which  can  be  due  to  the  presence  of 
3-phase  in  the  latter  sample. 

Fig. 3  Magnetization  as  a  function  of  applied  field  ' 

Thus  comparing  structural  and  magnetic  properties  of  epitaxial  MnAs  films  grown  on 
CaF2/Si(lll)  and  As-Si(lll)  substrates,  we  conclude  that  those  properties  strongly  depend  on 
the  nature  of  buffer  layer  and  are  considerably  better  for  the  films  grown  on  CaFj. 

The  authors  wish  to  thank  N.N.Faleev  and  V.P.Ulin  for  useful  discussions.  They  are  also 
thankful  to  Y.V.Shusterman  for  his  help  in  AFM  measurements  which  were  performed  bn  a 
microscope  produced  by  'NT-MDT".  We  would  like  also  to  acknowledge  support  of  the  Russian 
Ministry  for  Research  and  Technical  Politics  in  acquiring  the  microscope  used  in  the  above  study. 
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EFFICIENCY  OF  TWO-DIMENSIONAL  PRECIPITATION  AND 
EVOLUTION  OF  As  CLUSTER  SYSTEMS  IN  LOW  TEMPERAIURE  GROWN 
GaAs  FILMS  DELTA-DOPED  WITH  INDIUM. 
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Introduction 

Gallium  arsenide  grown  by  molecular-beam  epitaxy  at  low  rempe’ature  (LT  GaA.s)  has 
attracted  a  great  deal  of  attention  during  the  last  fev/  years  [1-5].  Tlie  main  feature  of  this  material 
is  a  high  arsenic  excess  (~1  at.%)  incorporated  into  the  growi.ng  films  in  the  form  of  point 
defects.  A  subsetiuent  annealing  (at  500®C  or  higher  tempeiature)  leads  to  precipitation  of  excess 
arsenic.  The  annealed  LT  GaAs  exhibits  semi-insulating  properties  with  extremely  short  carrier 
lifetime.  Therefore,  it  is  attractive  for  several  de\  ice  applications. 

It  is  t^^pical  for  conventional  LT  GaAs  films  that  the  As  clusters  are  randomly  distributed 
over  th(.  film  bulk  [1-5].  However,  it  has  been  show'll  that  two-dimensional  arrays  of  As  clusters 
can  be  formed  using  Si  or  In  delta-doping  [6-9].  In  tiie  latter  case,  the  formation  of  the  cluster 
sheets  can  be  combined  with  uniform  donor  or  acceptor  doping  of  GaAs  matrix  [8,9].  Arsenic 
clusters  are  electrically  aciive  [10]  and,  tlierefore,  two-dimensional  cluster  £he,ets  could  be  used 
in  device  structurer.  For  that  the  information  is  necessary  on  the  evolution  of  the  As  cluster 
sheets  upon  amiealing. 

In  this  paper  we  report  the  results  of  uansmisslon  electron  microscopic  study  of  the 
structure  of  two-dimensional  shviets  and  compaie  the  Ostwald  ripening  rate  in  2D  and  3D  arrays 
of  As  clusters  built  in  the  GaAs  matrix. 

Experimental 

The  LT  GaAs  films  were  grown  by  m^letular-beam  epitaxy  (MBE)  at  200'’C  in  a  doal  - 
chamber  ‘Katu.i’  system  on  semi-insulating  GaAs(lOO)  substrates.  The  films  were  uniformly 
doped  with  Si  donors  or  Be  acceptors.  Shallow  impurity  concentration  was  as  high  as  7xl0'^  cm' 
Undoped  LT  GaAs  films  were  grown  as  well.  Indii’  n  delta-layers  in  the  growing  films  were 
produced  by  interrupting  the  Ga  beam  and  using  an  In  beam.  Depending  on  in  deposition  time, 
thas  produced  delta-layers  contained  from  10-2  to  1  monolayer  of  InAs.  The  distance  between  In 
delta-layers  was  varied  from  20  to  60  nm.  In  order  to  form  As  clusters,  the  samples  were  divided 
into  four  parts,  one  of  which  was  kept  as- grown,  the  others  were  annealed  at  500,  600,  and  700°C 
fur  1 5  min.  The  annealing  was  carried  out  under  As  overpressure  in  the  MBE  setup. 

Electron  probe  rnicroanalysis.  x-ray  diffraction  measurements,  and  near-infrared  optical 
ab.sorption  study  showed  th-it  all  the  santples  v;ere  of  h»gh  crystalline  quality.  The  arsenic  excess 
m  the  samples  was  found  to  be  approximately  0.6  at.%.  It  was  slightly  lower  in  the  Si  and  Be- 
doped  samples  than  in  the  undoped  one.  Cross-sectional  speeiinens  for  transmission  electron 
nneroseopy  (TiiM)  were  prepared  using  ccn\entional  procedure  of  n’eohanical  grindhig  and 
polishing  fbilowed  by  Ar^  ion  milling.  .A  Philips  EM420  insUument  operating  at  an  accelerating 
voliagc  of  100  or  120  kV  was  utilized  in  the  fF-M  study. 


292 


Results 

1-ig.l  shows  a  cross-sectional  TEM  .C^ 4 ‘. ^ 

micrograph  cf  a  sample  with  built-in  indium  ^ 

delta-layers  separated  by  undoped  40  nm  thick  ^ 

GaAs  spacers.  The  sample  was  annealed  at  *'*  *  ', ‘"k  -'C  t 

.  500®C.  Two-dimensional  arrays  of  arsenic 
clusters  are  clearly  seen  in  the  image.  The 

FKtsitions  of  these  sheets  coincide  with  those  of  V 

In  delta-layers.  The  cluster  density  in  2D  ~  . 

system  is  vb-^KlO*'  cm'^.  in  a  vicinity  of  the  Cross-sectional  TEM  micrograph  of 

two-dimensionai  arrays,  the  GaAs  matiix  is  ^  ^  film  grown  .at  200'’C  and  annealed 
oepJeted  by  clusters.  Howeve  ,  many  clusters  500°C  for  !5  min.  Two-dimensional 
are  dispersed  far  from  the  sheets.  Such  a  sheets  of  As  clusters  are  formed  at  indium 

random  tliree-dimensional  cluster  system  is  delta-layers  separated  by  40  nm  thick  IT 
typical  for  conventional  LT  GaAs.  GaAs  spacers  doped  with  Si. 

Two-dimensional  arrays  of  As  clusters 

have  been  obsei-ved  in  at!  the  samples  annealed  at  500,  600,  and  TOOX,  where  indium  content  in 
the  delta-layers  was  equal  or  higher  than  0.2  monolayer.  Fig.2  shows  the  details  of  the  array 
stnictJire  m  a  Be-doped  LT  GaAs  sample  annealed  at  600X.  It  is  clear  from  this  fi  'ure  (as  well 
as  from  big.  1)  that  the  spatial  distiibutioii  of  the  clusters  is  centered  in  the  vertical  direction  at  a 
-me  which  corresponds  to  the  indium  delta-layer  location.  However,  each  individual  cluster  is 
more  or  less  shifted  from  the  centered  position.  Therefore,  the  average  thickness  of  the  array  is 
larger  than  the  size  of  a  single  cluster  (even  the  biggest).  It  can  be  approximately  evaluated  as  the 
double  average  cluster  diameter.  This  approximation  has  been  found  to  be  valid  in  all  the 
•samples  investigated.  The  characteristic  structiue  of  two-dimensional  arrays  remains  similar  in 
spite  of  the  fact  that  the  average  chister  diameter  varies  from  2-3  to  10-12  nm  due  to  acceptor  or 
donor  doping  and  different  annealing  temperature  of  the  samples, 

^  It  can  be  seen  from  Fig.  J  and  2  that  the  clusters  in  two-dimensional  sheets  are  bigger  than 
those  m  the  sunoundmg  matrix.  This  difference  was  found  to  be  stronger  at  higher  In  content  in 
the  delta-layers.  According  to  the  fundamental  law  of  Osfwald  ripening,  we  should  expect  that 
the  clusters  in  2D  system  will  grow  and  their  neighbors  from  3D  system  will  dissolve  with 
increasing  duration  or  with  elevating  temperature  of  annealing.  Thus  process  should  gi  ve  rise  to 
fonnation  of  cluster-free  spacers  in  between  two-dimensional  cluster  sheets.  We  did  observe 
such  a  completely  ordered  cluster  system  in  LT  GaAs  with  In  delta-Iavers  of  0.5  and  1  ml  when 
the  spacers  were  as  thin  as  20  nm  and  the 
annealing  temperature  was  500  or  600X 
[S,9j.  One  could  expect  formation  of  much 
thicker  cluster-free  spacers,  when  ilie  -  ^  it" . : 

annealing  temperature  is  elevated,  say,  up  to  ‘  ? 

700X,  However,  a  peculiarity  of  Ostwald  .  v.  •  '  jJ 

ripening  in  the  2D  system,  which  we  discuss 

below',  does  not  live  up  to  this  expectation  at  F!g.2.  TEM  image  of  As  cluster  sheet  formed 
least  in  the  case,  when  indium  :ontent  in  the  at  In  delta-layer  in  LT  Ga/vS  The  sample  was 
deha-layers  is  os  high  as  0.5  ml.  uniformly  doped  with  Be.  It  was  grown  h\ 


.^1 

F!g.2.  TEM  image  of  As  clu.ster  sheet  formed 
at  In  delta-layer  in  LT  Ga/vS  The  sample  was 
uniformly  doped  with  Be.  It  w'as  grown  b> 
MBE  at  200°C  and  annealed  at  500X  for  1 5 
min.  The  heiahl  of  the  image  area  is  25  nm. 
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Fig.  3  show.s  the 
average  cluster  volumes, 

71(1^6,  for  2D  and  3D  cluster 
arrays  as  a  function  of  the 
annealing  temperature.  In  the 
case  of  the  3D  system,  the 
average  volume  increases 
rapidly  (exponentially).  In 
accordance  to  Lifshits-Slezov 
theory  [1 1]: 

d^r-Dt, 

where  t  is  the  annealing 
duration  (constant  in  our 
experiments)  and  D  is  the 
diffusion  coefficient  of  the 
excess  arsenic  dissolved  in 
the  GaAs  matrix.  It  is  well 
known  that  the  diffusion 
coefficient  depends  on  the 
temperature  exponentially.  Thus,  equation  (1)  accounts  for  the  exponential  growth  of  the  average 
cluster  volume  in  the  3D  system  with  elevating  temperature. 

The  data  in  Fig.3  prove  that  the  cluster  growth  rate  is  lower  in  the  2D  system  than  in  the 
3D  one.  There  seems  to  be  the  following  reason  for  that.  A  big  cluster  in  the  3D  system  is 
surrounded  by  small  ones  and  accumulates  excess  arsenic  from  all  the  directions  due  to  decay  of 
small  neighbors.  In  contrast,  a  big  cluster  in  the  2D  system  has  many  big  neighbors,  which  are 
located  at  the  same  cluster  sheet,  and  the  majority  of  which  do  not  dissolve  Therefore,  the  big 
cluster  in  the  2D  system  accumulates  excess  arsenic,  for  the  most  part,  due  to  decay  of  small 
neighbors  from  the  3D  system.  Thus,  it  attracts  excess  arsenic  only  from  a  fairly  narrow  spatial 
angle. 

The  effect  observed  considerably  limits  the  thickness  of  the  cluster-free  spacers  which 
can  be  produced  between  two-dimensional  cluster  sheets.  For  our  samples,  the  clusters  in  2D  and 
3D  systems  appear  to  be  the  same  size  upon  annealing  at  700°C  for  15  min.  After  that  happened, 
the  clusters  in  between  the  sheets  would  be  nevei  dissolved.  As  a  result,  the  initially  ordered 
spatial  distribution  of  As  clusters  will  transform  info  a  random  one.  This  order-to-disorder 


Fig.3.  Average  volume  of  As  clusters  in  2D  and  3D  systems 
as  a  function  of  aimealing  temperature.  The  data  correspond  to 
the  undoped  L'l  GaAs  film  grown  at  200''C. 
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rig.'i.  Cross-secional  TEM  micrographs  for  the  same  LT  GaAs  sample  annealed  at  600°C  (a) 
and  700°C  (b).  The  sample  with  In  delta-layers  separated  by  undoped  20  nm  thick  spacers  was 
grow’u  at  200°('. 
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transition  will  he  additionally  enhanced  by  increasing  thickness  and  roughness  of  the  2D  arrays. 
Tlie  process  described  here  is  illustrated  in  Fig.4,  which  shows  cross-sectional  TEM  images  of 
the  same  LT  GaAs  cample  annealed  at  600  and  700“C.  The  annealing  at  600°C  results  in 
formation  of  thin  and  flat  cluster  sheets  at  In  delta-layers  separated  by  20  nm  thick  matrix,  which 
IS  almost  cluster-free.  Ir  contrast  to  that  the  annealing  at  700'‘C  leads  to  a  random  distribution  of 
As  clusters  over  the  bulk. 

Conclusions 

Two-dimens'onal  sheets  of  arsenic  clusters  were  formed  using  indium  delta-doping  of 
GaAs  films  growm  by  molecular-beam  epitaxy  at  low'  temperature  and  subsequent  amiealing.  At 
Ostwald  ripening  stage  the  As  cluster  sheets  were  found  to  be  as  thick  as  the  double  average 
cluster  diameter.  The  growth  rate  of  As  clusters  was  found  to  be  lower  in  the  2D  system  than  in 
the  3D  one.  Increasing  roughness  of  the  two-dimensional  sheets  and  the  difference  between  the 
giowlh  rate  in  2D  and  3D  systems  of  As  clusters  in  GaAf  matrix  caused  the  transition  in  the 
spatial  cluster  distribution  from  artificial  ordering  to  random. 
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At  present  there  is  a  great  interest  in  formation  of  quotum  dots  directly  during 
molecular  beam  epitaxial  (MBE)  growth  for  both  fundamental  and  applied  idiysics  [  1,2]. 
Recently,  we  have  examined  the  mechanism  of  InAs/GaAs  surfece  modification  during 
submonolayer  MBE  at  both  intermediate  stage  (1.0  -  1.5  monolayers  (ML)  of  InAs)  and  above 
critical  thickness  (more  than  2  ML  of  InAs)  when  quantum  dot  arrays  appear  (3,4].  In  this  i»per 
we  report  scanning  tunneling  microscopy  (STM)  study  of  InAs/GaAs  morphology  evolution 
within  the  interval  of  1 .5  -  3.0  monolayers  (ML)  InAs  depoated  during  another  modification  of 
MBE  which  we  refer  to  as  submonolayer  migration  enhanced  ephaity  (SMEE)  [5].  The  results 
show  that  different  amount  of  InAs  deposited  leads  to  the  formation  of  different  kinds  of 
nanostructures. 

EXPERIMENTAL 

Samples  ^e  grown  using  Russian  made  EPl 203  machine.  Singular  and  in  some  cases 
misoriented  GaAisf  1 00)  substrates  are  used  and  during  exiJeriments  they  are  mounted  side-by- 
side  on  the  same  substrate  holder.  After  the  desorption  of  oxide  layer  in  growth  chamber  the 
bufler  Ga.^s  slightly  Be  doped  layer  (300  nm)  is  MBE  grown  at  substrate  temperature  r,=550"C 
providing  (2x4)  surface  reconstruction  for  all  samples.  Then  substrate  temperature  is  decrea^xl 
•jjider  As  faix  down  to  that,  where  c(4x4)  surface  reconstruction  is  appeared.  After  that  a 
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de3iit61e  amount  of  InAs  ML  is  deposited  in  SMEE  growth  mode.  For  STM  measurements  the 
samples  are  immediately  qnenched  after  the  growth  of  In-contents  layers.  In  all  e.xperiments  the 
growth  conditions  during  deposition  of  InAs  layers  (substrate  temperature  470®C,  As4/In 
effective  fluxes  ratio  of  about  10,  growth  rate  for  InAs  is  0.1  ML/s  and  for  GaAs  is  0.6  ML/s)  are 
maint^ed  the  same.  SMEE  growth  procedure  consists  in  deposition  of  submonolayer  portions 
of  In  each  followed  by  keeping  the  surface  for  desired  tune  (t)  under  As4  flux.  Reflection  High 
Energy  Electron  Diffraction  (RHEED)  is  used  for  giov/th  rates  determination  and  to  control  to 
tlie  ^tty  pattern  traiisformation  typical  for  three  dimensional  islands  on  tiie  surface  appearance. 
We  have  used  STM  setup  operated  at  ambient  pressure.  The  samples  surface  are  protected 
with  vacuum  pump  oil  and  STM  experiments  are  carried  out  directly  in  the  oil  environment. 
Well  reproducible  STM  images  are  obtained  in  this  manner  at  a  positive  bias  voltage  on  (he 
sample  (V,  ~  0,5-5  V)  and  low  tunneling  currents  (I  ~  S^IO"  A).  Sides  of  the  images  are  always 
paralle!  to  [01 1)  and  {0-U]  directions. 

During  the  experiments,  we  have  examined  the  surface  after  deposition  of  InAa  for  three 
different  cases;  well  before  appearance  of  spotty-like  patterns  (1.5  ML),  just  after  appearance  of 
mixed  streaks-spots  pattern  (1.75  ML)  and  after  appearance  of  well-resolved  spot  pattern  (2.0  - 
3.0  ML).  The  surface  for  all  three  cases  is  controlled  in  situ  by  specially  designed  RHEED 
pattemii  registration  arid  analysis  system  [6]. 

RESULTS 


In  Fig.l  a,b  STM  images  of  the  surface  after  deposition  of  1.5  MI.  InAs  on  singular  and 


a) 


b) 


Fig.l.  STM  images  for 
1.5  ML  InAs  deposited 
on  (a)  singular  and  (h) 
vicinal  surfaces.  Scan 
area  is  600  nm  X  600 
nm  for  both  cases, 
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3®  misorient^d  towards  [Oil]  direction  (t  =  30  s)  are  presented.  The  surfece  for  this  case  is  near- 
to-flat  with  the  airay  of  irregular  one-monolayer  height  steps  formed  '^  n  singular  substrate.  There 
is  no  pronounced  wire-like  or  paxquet-Uke  structures  which  we  observe  tor  the  structures  with  the 
same  amount  of  InAs  deposited  using  SMBE  growth  mode  [3]. 

In  the  next  figure  we  present  an  STM-image  of  the  suffiice  v/here  the  deposition  of  indium 
is  switched  otf  just  after  appearance  of  tlie  replica  fi-om  Jiree-dimensional  islands  are  observed. 
For  this  particular  case,  die  mean  thickness  of  InAs  deposited  is  1 ,75  ML  with  t  =  2  s. 


Fig.?.  STh-I  image  for  1 .75  ML 
of  InAs  with  t  -  2  s  deposited 
on  singular  surface.  Scan  area 
is  360  nm  X  360  nm. 


As  is  seen  fi-om  the  Figure,  only  a  small  additional 
amount  of  In  atoms  tcoiresponding  to~0.25  ML) 
deposited  is  required  lO  the  drastic  transformation  of  the 
surfece  moiphology  as  compared  with  previous  SI^I 
images.  At  this  stage  an  anay  of  three-dimensional 
islands  is  formed.  They  have  rectangular  baSe  shape,  an 
average  sides  ratio  of  about  2.5  with  lateral  sizes  ~  5  nm 
and  ~  12nm  along  [O-M]  and  [Oil]  directions.  Mean 
surfece  density  estimated  from  SIM  images  is  1*10” 
cm'^  There  exists  an  ordemg  of  these  islands  along 
[001]  direction.  The  hilands  are  not  uniform,  they  have 
different  siz^.  The  same  situation  was  observed  during 
Mj3E  growth  experiments  [7].  Our  recent  PL  study 


of  similar  regrown  structures  [8]  where  up  to  three  various  quantum  dot  sizes  are  found  for  eariy 
stages  of  InAs/GaAs  quantum  dots  formation  during  SMEE)  confirm  STM  data. 

In  Fig..^  we  present  STM  image  of  the  surface  idler  growth  of  3  ML  InAs  on  GaAs 
singulai  surfece  with  t  =  2  s.  This  amount  of  InAs  deposited  is  well  above  the  value  required  for 
the  conversion  of  RHEED  pattern  into  pxire  spotty-like  picture  and  for  the  formation  on  the 
surface  stable  quantian  dot  arfavs  for  this  growth  mode  [5,6,8].  The  feature  of  the  image  is  a 
higii  average  surface  density  (1.1*10”  cm'^)  and  quite  uniform  lateral  size  distribution  wiili  the 
main  peak  at  18  nm  calculated  from  statistical  cross-sectional  analysis  of  ST^4  data.  In  summary, 
we  have  observed  several  kinds  of  semiconductor  nanostructures  InAs  qh  singular  and  vicinal 
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Fig,  3.  STM  image  for  3  IvlL 
InAs  deposited  on  singular 
surfece  with  t  =  2  s.  Scan  area 
is  600  nm  X  600  nm. 


GaAs  surfece  during  submonolayer  migration  enhanced 
epitaxy.  For  initial  (up  to  1.5  ML)  stage,  neax-to-smooth 
surfcce  is  observed.  Then,  quantum  dots  are  formed  with 
different  sizes  along  [0-11]  and  [01  i]  directio  is  with 
ratio  ~  2.5  (1.75  ML)  and  at  higher  .  InAs  amount 
deposited  (3  ML)  the  dots  become  anisotropic  and 
uniform  in  lateral  size. 

This  work  is  partially  sunported  by  INTAS, 
Program  "Physics  of  Solid  State  Nnnostructures"  and 
Russian  Foundation  for  Basic  Research  , 
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Molecular  beam  epitaxy  (MBE)  is  currently  widely  used  for  the  growth  of  ni-V 
heterostructures.  When  growing  ternary  and  quaternary  III-V  compounds  with  one 
volatile  group  V  element,  high  accuracy  of  composition  control  is  usually  achieved. 
However,  fire  composition  control  of  IIl-V  alloys  containing  two  volatile  elements  (e  g. 
As  and  P),  especially  in  the  case  of  strained  material,  is  more  complicated  probletn.  To 
explain  the  incorporation  behavior  of  As  and  P,  theoretical  models  haVe  been  proposed 
[1,2].  The  advantage  of  thermodynamic  approach  is  that  it  does  not  require  any  fitting 
parameters.  However,  by  now,  the  application  of  this  approach  to  die  ^ow^  of 
compounds  with  two  volatile  group  V  elements  [1,3]  failed  to  explain  some  important 
experimental  results  [4].  Thus,  an  adequate  thermodynamic  model  of  MBE  growth  of 
multicomponent  alloys  is  still  an  actual  problem. 

In  thermodynamic  models  published  previously  MBE  was  considered  as  an 
equilibrium  process,  chemical  potentials  of  solid  and  gas  phases  being  set  to  be  equal, 
and  re-evaporated  fluxes  being  treated  as  equilibrium  those.  These  assumptions  are  not 
valid  in  the  case  of  crystal  growth  which  implies  tlie  transfer  of  substance  from  gas  to 
solid  phase.  This  means  the  absence  of  equilibrium  state  and,  therefore,  chemical 
potentials  of  tliese  phases  are  not  equal.  This  is  the  key  point  of  our  model  unlike  an 
equilibrium  one. 
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The  proposed  model  is  based  on  the  following  assumptions.  The  MBE  consider  as 
irreversible  process.  The  temperature  of  the  system  is  a  substrate  one.  A  ternary  or 
quaternary  alloy  is  treated  as  a  homogeneous  mixture  of  constituent  binaries  witli 
corresponding  activity  coefficients  following  the  model  of  regular  solution  [5].  The 
balance  between  reactions  of  formations  of  binary  compounds  determines  the 
composition  of  growing  multicomponent  alloy. 

In  the  case  of  pseudomorphic  growth  Ihie  effect  of  strain  due  to  lattice  mismatch 
between  the  growing  film  and  the  substrate  should  be  taken  into  account.  The  additive 
strain‘induced  Gibbs  free  energy  leads  to  changes  in  chemical  potential  of  the  solid  phase 
shifting  die  balance  between  the  reactions  of  formation  and,  finally  changing  the 
composition  of  die  growing  layer. 

Numerical  calculations  based  on  the  model  proposed  for  die  GaA&F,  InAsP, 
GalnAsP  compounds  were  carried  out  at  various  growth  temperatures  and  showed  a  good 
agreement  with  the  experimental  data.  In  particular,  die  fact  that  the  alloy  composition  is 
independent  on  the  ratio  between  the  total  flux  of  group  Eli  element  and  the  total  flux  of 
group  V  element  experimentally  observed  in  [4]  follows  immediately  from  om  model. 
The  results  of  calculation  are  shown  in  figures  1-3. 

The  proposed  thermodynamic  approach  also  allows  us  to  consider  the  problem  of 
formation  of  abrupt  heterointerface  between  compounds  coutainmg  different  volatile 
elements  of  group  V.  It  is  well-known  that  a  giaded  layer  i.s  usually  formed  at  interface 
due  to  the  substitution  of  the  group  V  atoms  on  the  ciystal  surface  with  the  atoms  from 
the  incident  tlux.  Considering  the  substitution  reactions  in  die  framework  of  our 
thermodynamic  model  reveals  that  As-containing  surface  is  more  stable  against  P 
exposition  than  the  reverse  case.  The  formation  of  the  graded  layer  is  shown  to  be 
strongly  suppressed  by  die  pre-deposition  of  thin  hqwiJd  layer  of  group  III  element  just  , 
prior  to  the  interface  formation.  Both  these  results  are  in  good  agreement  with  the 
experimental  data  of  [6j. 
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-  P  composition  Y  »  P  composition 


Fig.l  The  dependence  ofy, 
phosporous  mole  jfraction  in 
GaPyASjy  and  InP^ASj.^ 
on  input  flux  ratio  of  group  V 

elements.  Tsub=520®C 
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X  -  Ga  composition 

p.O  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1.0 

GaInPAs  lattice 
matched  to  GaAs  (a) 

1-  Tsub-STT’C 

2- Tsub=477'’C 


GaInPAs  lattice 
matched  to  InP  (b) 

3-  Tsub=577“C 

4- Tsub=477“C 


’  ao  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1.0 

Fig.3  The  dependence  of  P  mole  fraction  (Ga  mole  fraction) 
on  input  flux  ratio  of  group  V  elements. 


In  conclusion,  we  have  proposed  the  thermodynamic  mode!  of  the  MBE  growth  of 
III-V  ternary  and  quaternary  compounds  with  two  volatile  gioup  V  elements  including  the 
effect  of  strain.  This  model  describes  the  dependence  of  layer  coniposition  and  inteiface 
formation  on  growth  conditions. 
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Formation  of  three-dimensional  nanometer  periodic  and  localized 
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The  theory  of  selforganization  of  three-dimensional  nanometer  periodic  and  localized  defect- 
deformational  (DD)-structures  in  solids  subjected  to  action  of  external  particle  and  laser  beams  is 
developed,  basal  on  the  following  mechanism.  .  ...  . 

Energy  beam  pumps  into  a  solid  a  high  concentration  of  point  defects  (interstituils,  vacancies, 
eicctron-hole  pairs).  The  field  of  defect  concentration  deforms  the  elastic  cowtinuum  of  the  host 
material.  In  its  tarn  the  defect-ii^duced  deformation  (strain)  leads  to  self-consistent  spatial  redis¬ 
tribution  of  defects  and  after  exceeding  of  critical  value  of  spatially  uniform  defect  ^icentrabon 
(control  parameter)  the  DD-system  makes  a  transition  to  a  spatially  no.iuniform  state.  The  theory  of 
formation  of  one-dimension^  nanometer  DD-structures,  based  on  the  above  physical  mechanism 
of  DD-instability,  was  developed  in  the  works  [1-4],  ^  ,  .  ,  j- 

In  the  present  treatment  of  the  three-dimensional  DD-instability  we  obtained  the  tliree  dimen¬ 
sional  denendence  of  the  growth  rate  of  unstable  DD-harmonic  on  the  direc^n  of  its  waveyector 
and  showed  that  it  has  maxima  along  certain  crystallographic  directions.  The  consideration  of 
nonlinear  multimode  dynamics  of  DD-instability  reveals  two  stages  of  DD-self-organi^tiort.  On 
the  first  stage  initially  uniform  angular  distribution  of  wavevectors  collapses  into  delta-  like  distri¬ 
butions  along  crystallographic  directions  that  have  maximum  growth  rates.  On  the  second  stage 
the  initially  uniform  distributions  of  wavenumbers  of  DD-harmonics  with  wavevectors,  onent^ 
on  the  first  stage  ^ong  preferred  crystallographic  directions,  collapse  into  delta-distnbutiOns.  It  is 
thus  shown  that  forrnadon  of  three-dimensional  DD-structures  occurs  as  a  result  of  independent 
formations  of  one-dimensional  DD-structures  with  wavevectors  oriented  along  crystMlographic 
directions  with  maximum  growth  rates.  This  enables  to  predict  the  geometry  of  three  dimensional 
nanometer  DD-structures  in  any  particular  case  considered.  ;  /  ,  ^  \  . 

In  treating  the  one-dimensional  case  the  set  of  initial  DD-equations  is  reduced_  to  a  closed 
nonlinear  equation  for  selfconsistent  strain,  taking  into  account  Ae  quadratic  and  qubic  lattice  an- 
harmonism.  The  exact  stationary  solution  of  this  strain  equation  is  found  that  gives  the  quantitative 
description  of  a  iuerarchy  of  processes  of  one  and  three-dimensional  selforgamzation  of  steady  state 
nanometer  DD-structures  (clusters  and  periodic  structures)  occurring  at  different  values  of  control 
parameter.  The  geometry,  periods,  strain  and  defect  distributions  in  DD-structures  as  functions  of 
control  parameter  are  determined.  ...  , 

It  is  shown  that  the  formation  of  nanometer  DD-structures  ocems  as  a  phase  transmon  (with 
nonuniform  selfconsistent  strain  being  the  order  parameter)  and  is  accompani^ed  by  jump-like 
changes  of  host  material  properties.  Using  the  obtained  analytic  formula  for  the  order  parame¬ 
ter  v/e  calculated  the  critical  dependencies  of  average  defect-induced  strain,  c^tal  density  and 
concentration  of  vacancy  clusters  (vv-centers)  as  functions  of  control  parameter.  The  above  depen¬ 
dencies  are  in  agreement  with  corresponding  experimental  dependencies,  recorded  at  the  threshold 
of  amorphyzation  of  crystals.  Thus  the  threshold  of  formation  of  steady-state  nanornetcr  penodic 
thiec-dime'nsicnal  DD-structures  can  be  considered  (as  it  was  initially  proposed  in  [1])  as  the 
amorphyzation  threshold.  '  ,  V  f 
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26  Polytekhnicheskaya,  St- Petersburg,  194021,  Russia 
e-mail:  ladel@pulse.pti.sph.su 


An  extremely  promising  application  of  High  Temperature  Superconductors  (HTSC)  is  entirely 
HTSC-based  microelectronics.  In  contrast  to  combination  of  HTSC  interconnects  with  semi¬ 
conducting  active  elements,  the  HTSC-based  integrated  circuit  solves  the  problerri  of  lowing  the 
delay  time  of  interconnects  and  can  be  fabricated  in  a  single  technological  process.  A  field  effect 
transistor  with  HTSC  channel  (SuFET)  may  be  used  as  an  active  element  in  such  integrated  cir¬ 
cuits.  The  external  electric  field  penetrates  superconductor  over  a  distance  about  Thomas-Fermi 
dectric  field  screening  length  A  (for  YBazCu307,  (YBCO)  A  «  0.5  nm;  lattice  constant  in  "c" 
direction  «  1.2  nm)  which  is  a  challenge  in  SuFET  fabrication,  since  considerable  modulation  of 
YBCO  channel  superconducting  properties  can  be  achieved  only  in  ultrathin  films  with  ithickness 
not  exceeding  3  unit  cells.  However  such  decrease  in  the  film  thickness  results  in  a  chop  A  a  zero 
resistance  critical  temperature  Tco  to  the  value  far  less  than  the  liquid  nitrogen  temperature  77 
K,  Due  to  this  problem  there  are  no  promising  results  in  HTSC  SuFET  fabricating  up  to  now  in 
spite  of  the  very  intensive  investigations  which  have  been  done  over  the  world. 

We  have  solved  the  problem  of  fabricating  of  ultrathin  HTSC  YBCO  films  with  Tc  higher 
than  80 1<.  For  this  we  offer  a  new  buffer  layer  structure  x=0.3)  for  ultra¬ 

thin  YBCO  film.  XRD  diffraction  patterns,  Raman  scattering  spectra,  scanning  electron  micro¬ 
scope  images,  transport  properties  measurements  manifested  that  Y Ba-iCu^-^NkrOj  represents 
a  mixture  of  superconducting  YBCO  and  insulating  YBoiNbOe  grains.  The  proportion  between 
superconducting  and  insulating  volumes  b  determined  by  Nb  content.  For  small  Nb  content 
X  <Xc~  0.29  material  is  found  to  be  superconducting  with  «  90  K.  For  x  >  the  material 
behaves  as  an  insulator.  The  superconducting  grains  inherent  the  buffer  layer  serve  as  perfect 
nuclei  for  ultrathin  YBCO  film  growth.  The  absence  of  lattice  mismatching  between  nuclei  and 
an  incipient  film  yields  a  high  quality  structure  at  the  early  stage  of  film  growth.  Using  the  buffer 
layer  three-unit-cell-thick  YBCO  film  with  JbJ'c  .=  90  -  SOK  and  four-unit-cell-thick  YBCO  film 
with  AT:  =  92  -  85K  were  fabricated.  To  our  knowledge  this  is  the  best  result  obtained  so 
far.  Using  this  buffer  layer,  a  superconductor-insulator-metal  structure  with  four-unit-celi-thick 
YBCO  channel  (AT^  ~  92  —  85  K,  —  1.6  x  10"*  AmpjcriP')  and  150  nm  insulator 

PbZro  ^Tio.sCh  was  fabricated  and  showed  a  significant  electric  field  effect.  At  the  ternpei-e.ture 
77  K,  in  resistive  state,  where  a  channel  current  was  bfgkisfrthan  the  crbical  value,  by  applying 
a  positive  gate  voltage  Vg  =  6.06  V  the  cnannel  carrier  concentration  modulation  (filling)  up  to 
31%  was  observed.  This  is  the  last  stage  in  elaboration  of  5'jFET  operating  at  the  temperatures 
higher  than  77  K. 
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KINETIC  INSTABILITY  IN  THE  EPITAXIAL  GROWH 
OF  SEMICONDUCTOR  ALLOYS 

I.P.  Ipatova^,  V.G.  Malyshkin^,  V.A.  Shchukin’*,  A. A.  Maradudin^,  and  R.F.  Wallis* 

’  A.F.  Ioffe  Physical  Technical  Institute,  St.  Petersburg  19' 021,  Russia 
*  Department  of  Physics  and  Astronomy  and  Institute  for  Surface  and  Interface  Science 
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Spontaneously  formed  macroscopic  composition-modulated  structures  have  been  ob¬ 
served  in  numerous  alloys  of  III-V  and  II-VI  Semiconductors  grown  by  LPE,  VPE,  MOCVD, 
and  MBE  (for  a  review,  see,  e.  g.  [1]).  Conventional  attempts  to  explain  the  phenomenon 
have  used  the  concept  of  spiuodal  decomposition  of  an  alloy  [2,3].  The  thermodynamic  the¬ 
ory  of  [2,3]  developed  for  metal  alloys  deals  with  closed  systems  where  the  alloy  can  lower 
its  free  energy  by  the  formation  of  a  composition-modulated  structure.  The  kinetics  of  the 
spinodal  decomposition  [3]  describes  the  evolution  of  an  alloy  from  the  initial  homogeneous 
state  which  is  quenched  to  a  temperature,  where  it  is  thermodynar  lically  unstable,  to  a  finite 
equilibrium  state,  which  is  the  alloy  with  spatial  modulation  of  composition. 

Although  the  theory  of  [2,3]  can  be  extended  to  bulk  samples  and  epitaxial  films  of  semi¬ 
conductor  alloys  [4],  one  should  emphcisize  the  basic  difference  between  formation  mecha-  , 
nisms  and  observation  conditions  of  composition-modulated  structures  in  metal  alloys,  on 
the  one  hand,  and  those  in  semiconductor  alloys,  on  the  other  hand,  i)  The  formation  . 
oi  composition-modulated  structures  in  metal  alloys  occurs  in  closed  systems  under  long 
time  annealing  (aging).  For  typical  temperatures  of  aging,  T  «  600  —  1000®  C,  charac¬ 
teristic  values  of  bulk  diffusion  coefficients  are  of  the  order  of  Z?  «  10"”  —  10"®  cm*s"^’. 
These  diffusion  coefficients  are  sufficiently  large  to  promote  the  formation  of  composition- 
modulated  structures  on  an  accessible  time  scale,  if)  Composition- modulated  structures 
in  se  niconductor  alloys  are  observed  in  os-^'rown  samples  which  jrhplies  that  these  strnc-  : 
tures  are  being  formed  in  open  systems  in  the  process  of  the  crystal  growth.  Bulk  diffusion 
cocfficieuts  in  semiconductors  at  typical  growth  temperature  (T  w  600®  C)  are  of  the  or¬ 
der  D  ^  10"’®  —  10"’®  cm*s"’  [5].  These  diffusion  cbefiScients  are  too  srnall  to  develop  a 
compositior-moduiated  structure  during  the  growth  time,  and  another  kinetic  mechanism 
than  the  brdk  migration  of  atoms  is  needed  for  the  structure  fornriation. 

In  the  present  paper  we  study  the  instability  which  may  occur  in  ah  open  system  in  the  : 
process  of  the  growth  of  an  binary. alloy  Ai_cRc<  and  our  treatment  is  applicable  also  to  the 
growth  of  a  ternary  semiconductor  alloy  The  focus  is  given  on  the  instability  of 

the  alloy  growth  with  respect  to  fluctuations  of  composition  5c.  The  theory  linear  in  5c  is  . 
developed,  and  the  ciiterion  is  found  that  the  amplitude  of  composition  fluctuation  increases 
with  the  epitaxial  film  thicknes.s.  This  means  that  the  growth  of  a  homogeneous  alloy  is 
unstable,  and  the  growth  may  result  in  an  alloy  with  a  spatial  modulation  of  composition.  ; 

We  consider  the  growth  of  an  alloy  from  the  gets  ph^e.  We  study  the  epitaxial  film  on  a  ; 
substrate  where  the  monolayers  from  the  1st  to  the  Mth.  are  completed,  and  the  (M  -f  l)st 
monolayer  i.s  the  growing  one.  Growth  on  atoinically  smooth  surfaces  proceeds  via  the 
surface  nrigration  of  adatoms  on  and  via  their  incorporation  into  the  growirig  monolayer.  In 
the  process  of  the  growth  of  each  Lt'a  monolaver  (1  <  L  <  M),: there  appears  the  fluctuation  ■ 
of  allo}-  composition  5c(r;  L),  where  r  —  (ijr/pis  the  two- dimensional  position  vector.  Since 
we  neglect  the  migration  of  atoms  in  the  bulk,  the  fluctuation  of  composition  are  ’‘frozen” 
after  tiie  given  monolayer  is  covered  by  subsequent  monolayers.  • 

First,  .  “frozen”  fluctuations  of  composition  in  the  top  compleled  Mth  monolayer, 
affect  the  migration  of  adatoms  in  the  next,  grovving,  (M  -f :i)st  monolayer  via. 
a  slinrt-i.ungc  potential  M  +  i)  acting  on  adatoms  A  and  B.  Second,  ‘'frozen”  flue- 

laallo.us  in  ail  completed  monolayers  1  <  L  <  M  create,  in  accordance  with  the  Vegard’s ; ' 
rule,  the  long  range  strain  field.  Therefore  a  long-range  potential  M  +  1)  appears  i 

\vliirli  is  proportiona;  to  (he  strain  tensor  at  the  surface  e.p  The  total  potential  actingioh 
adaioins  is  the  cum  of  short-range  and  long-range  terms,  '  ■_ 
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(1) 


where  the  coefficients  may  be  called  deformation  potentials  of  the  adatom  A  or  13, 

and  a  is  the  lattice  parameter.  The  strain  tensor  may  be  given  in  terms  of  the  static  Green's 
tensor  — r',2,2')  of  the  elasticity  theory  for  the  semi-infinite  medium,  found  in  Ref.  [6]. 
For  Fourier  transforms,  this  relation  reads 


E  5  [v.v;G,p(ki  4,y) + v,v;g,;  (k,  *, /)]  „„/c(k;  i) . 

*•  ^  z'=La 


The  chemical  potential  of  *he  rare  gas  of  adatoms  on  the  surface  is  the  sum  of  the  po¬ 
tential  and  of  the  entropy  term  related  to  the  areal  concentration  of  adatoms 

==  [/(^■®)(r)-rin(a^A/’l''’®>(r)).  The  gradient  of  the  chemical  potential  in  the  inho¬ 
mogeneous  system  causes  the  surface  flux  of  adatoms  [7], 

where  is  the  diffusion  coefficient.  By  substituting  here  the  expression  for  the  chemical 

potential,  one  gets  the  surface  flux  of  adatoms  as  a  sura  of  the  contributions  of  diffusion  and 
drift: 

If  there  is  a  oversaturation  in  the  gas  phase,  there  appears  the  flux  of  atoms  from  the 
gas  to  the  surface  which  is  characterized  by  the  deposition  rate  The  c  acentraiion 

of  adatoms  and  surface  fluxes  of  adatoms  may  be  written  as  sums  of  equilibrium  quantities 
AdAB)(rj  excess  non-equilibrium  quantities  r),  r)  caused 

by  the  oversaturaticn.  The  excess  surface  flux  of  adatoms  may  be  written  in  terms  of  the 
excess  areal  concentration  of  adatoms  as  a  sum  of  diffusion  and  drift  contributions, 

r)  =  VAAf(^'®)(t;  r)  -  r)Vf/<^'^Hr) .  (3) 

The- excess  non-equilibrium  areal  concentration  of  adatoms  and  the  excess 

.  surface  flux  of  adatoms  r)  obey  the  continuity  equation: 

^dtiorption 


_  Here  is  the  average  desorption  time.  We  emphasize  here  that  ihe  deposition  and 

desorption  terms  on  the  right  band  side  of  Eq.{4)  are  particular  features  of  an  open  sj''steni. 
The  set  of  coupled  equations  (3,4)  allows  to  find  the  concentration  of  adatoms 
and  surface  fluxes  of  adatoms  Aj(^-'^)(t;r).  Boundary  conditions  needed  for 
these  equations  depend  on  the  growth  mechanism.  :  — 

We  fqcus  on  the  step-flow  growth  on  a  surface  vicinal  to  the  (OU*)  surface  of  a  cubic 
crystal.  A  perfect  vicinal  surface  displayed  in  Fig.  1  consists  of  (COl)  terraces  of  equal  width 
t  separated  by  monomolecular-height  steps.  Each  step  consists  cf  [llO]  straight  se':tion,s  of 
equal  length  separated  by  kinks.  It  was  shown  in  Ref.  [8]  that  the  crystal  growth  on  .such 
a  surface  proceeds  via  kink  fiov/  and  step  flow,  it  can  be  stable  against  step  bunching  and 
step  meandering,  and  the  perfect  geornetry  oi  the  vicinal  surface  peisiats  during  the  growth 
..  .We  consider  fluctuations  of  composition  where  the  characteristic  scale  of  inhomcgefu'iiy 
To  is  large  compared  to  the  spacing  between  kinks,  and  treat  kinks  as  continuously  di.o 
tribuied  along  steps  (the  so  called  approximatioa  of  continuous  line  sinks).  These  sinks  are 
^ymnietric  with  re.specc  to  lower  and  upper  terraces  since  the  banier  for  adatoins  }<j)]iri;a<:li 
ing  the  sink  from  the  upper  terrace  is  higher  than  tliat  for  adatoms  on  the  lower  tcirarc. 
Corresponding  boundary  conditions  at  the  nth  line  sink  positioned  at  a  -  L„  -  oL  resd: 
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(j)AN{t-,  r)  +  w+AMt]  •■))  I  ^  =0  (DAN{t-r)  -w.Aj,(t;  ^ 

where  tAl^.,  w-  are  parameters  of  the  asymmetric  sink  defined  in  Ref.  [9],  and  r/  — >  +0. 

The  set  of  coupled  equations  (3,4)  subject  to  the  boundary  conditions  has  been  solved 
in  the  perturl  ition  series  with  res])ect  to  the  parameter  U/T  up  to  the  first-order  terms, 
and  both  AN{t-,  r)  and  Aj(f;  r)  have  been  calculated  [i0|.  After  the  fluxes  of  both  adatoms 
A  and  ada*^oms  B  attaching  the  line  sink  at  the  given  point  are  known,  it  is  possible  to  find 
the  fluctuation  of  alloy  composition  ^c(r)  which  is  being  frozen  at  this  point  of  the  growing 
monolayer.  The  fluctuation  Sc{r;M  +  1)  formed  after  the  completion  of  the  {M  +  l)st 
monolayer  is  found  in  the  form  of  the  linear  response  to  the  potential  M  +1)  which 

was  acting  on  adatoms  during  the  growth  of  the  {M  +  l)st  monolayer.  This  relation  reads 
for  Fourier  transform.^  of  and  f/: 

Tc(k-,  M  +  i)  =  [R'‘(k)^(k;  +  1)  +  /i^{k)C^(k;  M  +  1)]  ,  (6) 

where  respon.se  functions  R^(k),  R®(k)  are  determined  by  the  kinetics  of  adatom  migration 
on  the  stepped  vicinal  surface. 

The  set  of  linear  equations  (1,2,6)  describes  the  dependence  of  alloy  composition  fluctu¬ 
ation  #c(k;M)  on  the  monolayer’s  n^ber  M.  It  was  shown  in  Ref.{lO]  that  one  may  seek 
the  solution  in  the  exponential  form  Ac(k;  X)  ~  exp(7iaX).  Then  the  inequality  Re7(k)  >  0 
yields  the  criterion  that  the  fluctuation  amplitude  incre^es  with  the  monolayer’s  number. 

The  mechanism  responsible  for  this  amplification  is  the  drift  of  adatoms  of  the  growing 
monolayer  in  the  effective  potential  U  created  by  the  “frozen”  fluctuations  of  alloy  compo¬ 
sition  in  the  completed  monolayers.  The  diffusion  component  of  the  surface  flux  of  adatoms 
tends  to  smooth  out  fluctuations  of  composition.  For  high  temperatures,  diffusion  dominates 
drift,  and  no  amplification  of  fluctuation  occurs.  At  a  certain  critical  temperature  Tc  and 
at  a  certain  wave  vector  kc  there  appears  a.nplification  of  the  fluctuation  amplitude.  This 
temperature  is  the  temperature  of  kinetic  phase  transition  between  the  growth  of  the  homo¬ 
geneous  alloy  and  the  growth  of  the  alloy  with  spatial  modulation  of  alloy  composition.  At 
temperatures  below  Tc,  drift  dominates  diffusion,  and  there  exists  a  region  in  the  k-space 
where  fluctuations  of  composition  increase  from  monolayer  to  monolayer. 

The  temperature  Tc  and  the  wave  vector  of  tt*e  most  unstable  mode  kc  are  determined  by 
the  interplay  of  several  tendencies.  First,  the  Green’s  tensor  from  Eq.(2)  is  determined  by  the 
symmetry  of  bulk  elastic  moduli.  Second,  the  symmetry  of  the  deformation  potential 
from  Eq.(l)  is  determined  by  the  symmetry  of  the  surface.  Third,  the  k-dependence  of  the 
response  functions  R^^'®^(k)  is  governed  by  the  particular  kinetics  of  adatom  migration  on 
the  stepped  vicinal  surface.  As  a  result  of  this  interplay,  any  direction  of  the  wave  vector  of 
the  most  unstable  mode  of  composition  fluctuations  (“the  soft  mode”)  is  possible. 

Calculations  of  the  kinetic  phase  transition  temperature  show  that  Tc  increases  with 
the  increase  of  adatom  deformation  potential.  It  means  that,  in  contrast  to  the  eifect  of 
long-range  elastic  forces  on  the  thermodynamic  instability  of  alloys,  where  they  hinder  the 
phase  separation,  they  favor  kinetic  instability.  The  reason  is  that  adatoms  are  attracted 
by  domains  of  the  surface  with  the  excess  concentration  of  like  atoms,  i.  e.,  atoms  with 
larger  radius  are  attracted  by  domains  which  are  under  tensile  strain,  and  smaller  atoms  are 
attracted  by  domains  under  compressive  strain. 

Fig.  2  displays  the  result  of  model  calculations  of  Re7(k)  which  have  been  performed  for 
1.  —  100a,  X  —  4a,  =  0.01,  w-  =  0.2,  and  anisotropic  deforrnation  potential  of  adatoms 

1.-  — =  — flVifj’l).  There  is  a  region  of  unstable  modes  with  Re7  >  0  with 
small  ky  includi  ig  ky  ~  0  which  justifies  the  approximation  of  continuous  line  sinks. 

To  conclude,  the  kinetic  mechanism  is  proposed  of  the  amplification  of  alloy  composition 
modulation  witli'the  thirkne.ss  of  the  epitaxial  film.  Long-range  elastic  interaction  favors 
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the  kinetic  instability  and  results  in  the  increase  of  the  kinetic  phase  transition  temperature. 
For  different  values  of  material  parameters,  one  may  expect  the  appearance  of  compos. t,ion- 
modulated  structure  with  any  orientation. 
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Fig,  1.  Grov/th  of  an  alloy  on  a  vicinal  Fig.  2.  Amplification  coelhcient  ReyCk) 

surfac^  1  --  the  substrate,  2  —  the  epi-  a  function  of  the  2D  wave  vector.  .Region.s 

taxi al  film.  Monolayers  are  defined  in  such  in  the  k-space  where  R.e7  >  0  correspond 

a  way  that  they  r^eat  the  stepped  shape  to  unstable  fluctuations, 

of  the  substrate.  The  dashed  line  depicts 
the  top  completed  monolayer.  . 
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The  region  of  light  wavelengths  1.5  pm  is  an  attiactive  field  of  investigatigations  due  to 
possibilities  to  create  the  effective  optical  fiber  communication  lines.  There  are  any  possible  ways 
to  create  the  light  emitting  sources  for  this  region  on  the  silicon-based  materials:  to  make  the  GeSi 
based  structures  or  to  use  the  Er-doped  Si  or  GeSi  bulk  material*-^  The  attractive  idea  is  to 
combine  both  this  ways  for  fabrication  of  Er-doped  GeSi  based  nanostructures  with  probably 
more  high  efficiency  of  light  generation  and  thermal  stability. 

The  erbium  ion  when  incorporated  in  Si  in  the  trivalent  charge  state,  shows  an  intra-4/ 
transition’  at  a  wavelength  of  1.54  pm.  This  emission  has  been  observed  both  under  optical  and 
electrical  excitation  The  development  of  Er  based  devices  hinges  on  ability  to  efficiently 
incorporate  optically  active  Er**  ions  into  the  host  semiconductor  material,  at  least  ~10**  cm'^  of 
Er  in  silicon  host  **  are  required  for  fabricating  of  technologically  useful  devices.  Using  near¬ 
equilibrium  crystal  growth  processes  will  limit  impurity  incorporation  to  the  maximum  solid 
solubility.  However  the  solubility  of  Er  atoms  in  Si  is  very  small*  of  about  I0’‘‘-10‘*  cm'*. 
Furthermore  because  of  the  low  diffusion  coefficient  (-  10'**  cm^  s'*  at  900°  C)  ^  it  needs  a  long 
time  and  a  high  temperature  for  the  conventional  thermal  diffusion  doping.  This  implies  that 
nonequilibrium  processing  methods  must  be  used  to  obUiin  Er  concentrations  that  are  high  enough 
for  optoelectronic  devices.  The  usual  way  of  incorporating  the  rare  earth  ions  and  the  co-doping 
is  via  implantation*’’'’.  Energies  in  range  of  MeV  and  high  implantation  doses  for  erbium  are 
needed.  This  leads  to  a  high  density  of  defects,  even  after  thermal  annealing  of  the  samples.  For 
high  Er  concentrations  precipitation  during  annealing  causes  further  problems.  No  doubth  this 
problems  will  be  only  more  con.siderable  in  the  case  of  heterostructures.  To  overcome  these 
problems,  recently  effort  was  placed  on  using  epitaxial  tachniques  with  in  situ  doping  of 
erbium'”''*.  The  method  in  use  was  a  standard  MBE:  fir  was  evaporated  from  an  effusion  cell,  an 
electron-beam  evaporation  system  served  as  a  source  of  Si  flow.  The  growth  chamber  vacuum 
was  6- 10'"  -  10''”  mbar,  the  substrate  temperature  T  -  500  600°C,  and  the  thickness  of  doped 
layers  varied  in  a  0, 1-0.5  pm  range. 

The  aim  of  present  work  is  the  studies  of  another  MBE  metl.od  -  the  Er  doping  during 
Sublimational  MBE  growth  of  Si.  We  are  the  first  to  report  application  of  this  method  to  growth 
of  luminescent  Si:Er  layers. 

It  is  generally  recognized  that  the  key  problem  in  Idw-temperature  MBE  is  segregation  of 
doping  impurities  on  a  growth  surface.  This  effect  largely  complicates  a  fonnation  of  controllable 
doping  profiles  am!  highly-doped  layers' *  '''.  leads  to  clustering  of  doping  impurity  and,  hence,  to 
defect.s  of  a  crystalline  structure’''.  In  the  low-temperature  epitaxy  of  Si  (500-600°C)  this  effect 
was  discovered  in  all  conventional  doping  elements  (Sb,  P,  As,  Ai,  Ga,  B,  In)  and  all  types  of 
sub;;trate  orient'tion.  Erbium  is  no  exception  For  exainpie  Refill  shows  that  due  to  a 
segregation  on  the  Si(H)U)  growth  surface,  the  maximal  total  concentration  of  Er  (RBS  data)  in 
deposited  at  6f)0°C  layers  was  about  410‘*  cm'*.  Accordingly  at  lOK  the  structures  exhibited  a 
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low  intensity  of  photoluminescence  at  a  1.54  pm  wavelength.  To  overcome  the  segregation 
problem,  the  epitaxial  growth  process  was  cairied  out  in  oxygen  atmosphere  (P„2  >=  lO  ’  -  10'‘® 
mbar)'®’“.  This  technique  allowed  to  grow  Si:Er  layers  with  Er  concentration  about  (1.5  -  4  !0‘“ 
cm'^  that  featured  by  both  electro-  and  photoluminescence  in  the  1.54  pm  IR  region.  The  authors 
of  Ref.  10,1 1  do  not  provide  any  data  on  the  degree  of  electrical  activation  of  Er  in  the  epitaxi;U 
structures. 

In  this  paper  we  report  our  study  of  a  possibility  to  grow  Si:Er  epitaxial  layers  that  would 
effectively  radiate  at  X=  1.54  pm,  using  the  MBL  sublimation  technology  without  oxygen  co- 
doping.  As  has  already  been  mentioned,  to  this  effect  we  need  to  realize  the  growth  conditions 
that  do  not  feature  segregation  of  a  doping  impurity. 

have  shown  earlier**  that  all  of  the  earlier  investigated  impurities  (Sb,  P,  Al,  As) 
sharply  degrade  in  their  segregatioti  ability  with  a  decrease  in  the  epitaxial  temperature  T  or  with 
an  increased  growth  rate  V  (Fig.l).  Specifically,  Sb  segregation  disapeared  at  T:^()0  C  and  V>1 
pm/h.  Using  these  regularities,  we  have  managed  to  obtain  uniformly  doped  monocrysfalline 
layers  of  Si  with  up  to  2- 10^°  cm'*  concentration  of  the  electrically  active  impurities  P,  As,  Sb**  '*, 
as  well  as  6-doped  layers*’. 


Rg.  I  Dependence  of  the  impurity 
concentration  transition  region 
(caused  by  segregation)  width  on 
the  growth  rate  in  layers  doped  with 
Al  at  T=500  (1),  600  (2)  and  100°C  (3) 


0.3  1  3  6  i  , 

V(  )im/h) 

In  this  work,  Si;Er  layers  were  grown  by  sublimation  in  a  relatively  low  vacuum  of  2  ICr’ 
torr  on  Si{100)  p-type  substrates  (p=0.005-lG  Q  cm),  uring  the  method  described  in  Ref.  14-17. 
Si  plates  Er-doped  to  6- 10*’  cm'*  (p-type  conductivity)  were  used  as  a  source  of  Si/Er  vapour. 
Both  the  sources  and  the  substrates  were  resistively  heated,  which  ensures  high  purity  of  the 
process.  Thi«:  technique  can  be  called  a  Sublimational  MBE. 

T^  epitaxy  temperature  was  400-600°C.  Immediately  after  the  growth  process  was  over, 
the  structures  were  annealed  directly  in  a  vacuum  chamber  at  900®C  during  30  min.  Tire 
concentration  of  the  electrically  active  impurity  in  the  layers  was  determined  by  the  Hall  method 
at  room  temperature.  Studies  of  the  PL  spectra  were  asristed  by  a  BOMEM  DA3.36  Fourier 
spectrometer  with  a  cooled  InSb  detector.  The  samples  temperature  was  maintained  at  4,2K.  A 
Kr^  -laser  (A,  =  647  nm)  was  used  as  a  source  of  exciting  radiation. 

The  thickness  of  the  grown  Si:Er  layers  varied  from  0.2  to  0.3  pm.  All  structures  were  of 
n-type  conductivity  with  n  =  MO**  cm  *  and  n  =  310*’  cm'*  for  the  layers  grown  at  A0(r^C  and 
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600®C,  respectively  Bearing  in  trand  that  the  degree  of  electrical  activation  for  S‘:Er  layers  , 
tra^iiticna)ly  is  <10%**.  we  estimate  the  total  concentration  of  Er  in  our  layers  as  ^10*’  , 

wnich  indicates  an  almost  complete  capture  of  Er  by  the  layeri  The  Hail  mobility  of  electrons 
reached  3i7  cm'A^  sec  at  n  =  MO'*  cm'^ . 

Fig.  2  demonstrates  the  PL  spectra  at  4.2K  of  the  samples  grown  by  the  Sublimational 
MBE  method  at  600°C  (a)  and  40(70  (b).  Spectral  resolution  was  10  cm  *  ,  the  excitation 
intensity  was  about  7  W/cm^.  In  both  cases  the  spectra  exliibit  a  sH^  peak  at  i  1.537  |J.tn 
wavelength,  which  corresponds  to  the  optical  transitions  from  th^  exclted'‘li3/2  to  the  ground  I15/2 
spin-orbital  levels  of  an  Er**  ion.  The  PL  intensity  in  the  structure  grown  at  606C  is 
approximately  the  same  with  that  in  the  ion-implanted  Hr  layer^.  The  arrows  labelled  “C”  indicate 
the  positions  of  four  of  the  five  transitions  related  to  an  Ei^^  center  in  the  crystal  matrix  with  cubic, 
site  symmetry,  which  was  determinerf  as  erbium  ion  incorporated  in  an  interstitial  site,  with  4  1 

nearest  neighbors  and  6  close-lying  next  nearest  neighbors.  The  cubic  lines  in  the  spectrum  is  art  | 
evidence  tiiat  Er  occupies  regular  positions  in  the  Si  lattice  and  this  feature  clearly  shows  the  | 
crystal  quality  of  epitaxial  grown  Iryers.  Note  that  the  cubic  lines  are  net  available  in  the  PL 
spectra  reported  in  Ref.l  1. 


Fig.2  PL  spectra  of  sublimation  MBE 
grown  Si:  Ei.Theanowsmark  the 
positions  of  the  PL  line  corresponding 
to  the  cubic  symmctiyEr  center.  The 
cur  .'csa)  and  b)  were  obtained  for 
the  sanples  grown  at  different 
temperatures  -  600  and  400°C 
respectively.  The  PL  signal  represent^ 
on  die  curve  b)  has  been  sealed  by  a 
factor  of  2. 
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in  conclusion,  in  this  work  we  report  first  ai  plication  of  a  Sublimational  MBE  method  to 
grow  Si  layers  with  a  high  concentration  of  Er.  TTie  Si:Er  layers  (the  Hall  concentration  of 
electrons  is  ~  10‘*  cm  ’ )  exhibits  the  radiation  at  a  1.537  pm  wavelengtli.  According  to  the  PL- 
(presence  of  the  erbium  cubic  Td  centers)  and  the  Hall  effect  (electron  mobility)  studies,  the 
resulting  layers  display  a  fairly  high  qual’ty  of  crystalline  stmeture.  ■ 

This  v/ork  was  partially  supported  through  RFBR  grant  #96-02-16991  and  Russian 
Pingi  am  “Physics  of  solid-state  nanostructures’' {grant  #2-027/4).  ;  ^ 
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Lateral  Ordering  cf  Stacked  Self-Assembled  Islands  of  InAs  on  GaAs. 

S.  A.  KOIMAROV.  G.  S.  Soloinon  *.  4.  S.  Karris  Jr. 

Solid  State  iaborator/,  Ginzton  Laboratory 
Stanford  University,  Stanford,  CA  94305 
email:  komarov@snowmass.s<:anford.edu 

Natural  restrictions  imposed  on  com/entional  lithography  techniques  have  led  to  the 
appearance  of  alternative  approaches  for  the  fabrication  of  0-D  quantum  size  structures. 
Currently,  one  of  the  most  attractive  and  interesting  methods  is  the  growth  of  self- 
assembled  coherently  strained  semiconductor  islands,  where  the  dimensions  and  material 
choice  of  the  islands  create  the  3-dimensional  confinement.  While  extensive  research  had 
been  devoted  to  the  structural,  optical  and  electronic  properties  of  these  structures,  little 
improvement  in  the  size  uniformity  and  in-plane  ordering  has  ocuned.  Thus 
characterization  on  large  sample  areas  is  dominated  by  inhomogeneous  broadening 

Here  v/e  would  like  to  report  experimental  evidence  of  improved  in-plane  self¬ 
organization  resulting  Irom  vertically  stacked  self-assemled  InAs  islands  in  a  GaAs  matrix. 
Samples  under  investigation  were  grown  by  molecular  beam  epitaxy  (MBE)  in  Stranski- 
Krastanow  growth  mode  and  cosisted  of  one,  five,  ten,  and  twenty  layers  of  coherently 
strained  islands  of  InAs  with  all  but  the  last  layers  covered  vyith  GaAs.  Ours  previous 
studies  have  shown  that  dots  in  the  multilayered  structures  form  columns  [1].  We  have 
studied  atomic  force  microscope  (AFM)  imsges  of  the  sample  surface  morphology  (Fig.  1) 
and  performed  real  space,  as  well  as  Fourier  space  image  processing.  Along  with  the 
evolution  of  island  size  and  long  range  surface  roughness,  we  could  clearly  observe  the 
onset  of  in-plane  island  ordering  flattice)  with  stacking  (Fig.2).  Two-dimensional  Fourier 
spectra  indicated  orientation  of  the  occuring  island  lattice  formatior  while  autocovariarce 
data  provided  information  about  the  lattice  parameters. 
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rig.  1 .  Visual  comparison  of  the  surface  morfology  of  one  (left)  and  twenty  (right)  layered 
samples  of  InAs  self- assembled  coherently  strained  islands  on  GaAs. 


Fig.2  AFM  image  autocovariance  (100)  sections  for  one  (a),  five  (b),  ten  (c)  and  twenty 
(d)  stacked  layers  of  InAs  self-  assembled  islands.  Length  scale  applies  to  all  plots 


Cluster  effects  in  optical  spectra  of  GaAsSb 
on  GaAs  grown  by  liquid  phase  epitaxy 
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1.  Introduction 

It  is  well  known  that  microstructure  of  nearly  all  lil-V  wnuconductor  alloys 
exhibit  large  scale  deviation  from  random  atomic  distribution,  what  profoundly  affects 
their  optical  properties.  [I],  In  our  previous  work  12]  the  strong  evidence  of  the  local 
phase  separation  (cluster  effect)  in  relaxed  mixed-cation  In,Gai.;^As  (x=0.05.0.2)  grown 
on  GaAs  by  MOCVD  have  been  observed  In  Ramw  ^S)  and  photoluminescence  (PL) 
spectra.  The  phonon  modes  of  GaAs  and  partially-ordered  tnGaAsj  clusters,  together  with,, 
clustering  induced  splitting  of  the  band  gap  have  been  observed.  %Tnle  the  mechanism  of 
such  cluster  formations  are  not  clear  at  present,  one  Can  suppose  that  the  main  driving 
force  of  it  Is  elastic  strains  between  substrate  and  epitaxial  layer.  In  this  case  such 
clustering  can  be  observed  in  other  relaxed  alloy  s^-stems.  To  prove  this  idea  we  performed 
the  RS  and  study  of  anion-mixed  GaAst-xSl),  alloys  grown  on  GaAs  by  LPE.  The 
other  aim  of  this  work  was  obuuning  a  materid  with  band-gap  1. 1-1.2  pm  for  monplithic 
tandem  GaAs  solar  cell, 

2. Experimept 

Undoped  and  Te-  doped  GaAsi.xSbx  (x~0.07.0.i7)  epitaxial  layers  (with 
thickness  about  a  few  microns)  we.e  grown  by  1= quid  phase  epitaxy  (LPE)  on  (pOl)  GaAs 
substrates.  The  growth  was  carried  out  using  a  piste  n  or  slide  boat  LPE  technique  and  the 
temperature-lowering  method.  The  growth  war  begun  at  720OG  at  one  melt,  while  the 
fijmace  temperature  was  being  lowered  at  I.5®C/min  down  to  600®C.  After  it  the  cooling 
rate  was  increased  up  to  80®C/min.  The  growth  was  stopped  at  350*^0.  As  a  result  of  a 
fast  cooling  arid  low'  temperature  growth,  good  quality  GaAsi^x^^x  layers  have  been 
crystallised  on  GaAs  substrate  with  x  up  to  0,27.  The  alloy  composition  was  obtained 
from  X-ray  diffraction  and  microanalysis.  The  RS  spectra  were  measured  in  the 
back  scattering  geometry  using  a  double  monochromator  DFS-52  and  excited  with  514,5 
nm  Ar*  -ion  laser  at  room  temperature.  The  RS  spectra  were  analysed  in  z{xy)z  and 
r(xy)z  polarbations.  The  PL  spectra  were  observed  at  77K 
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^  SbContent 

Fig.l.  Ranian  spectra  of  GaAsj.^Sbx  layer  Fig.2.  Dependence  of  phonon  frequencies  of 

x=0.12  (a,b),  x“0.1I  (c).  Sample  c  is  Tc  doped  CaAsi.xSbjj  on  GaSb  content,  measured  from 

with  electron  density  about  n~2*  10^^.  Raman  Raman  spectra, 
spectra  t^ere  measured  in  the  backscatteriiig 
geometry  in  2<xy)z  (a,c)  and  2(xx)z  (b) 

IMlanMtjons.  The  solid  curves  are  experimental  .  / 
and  the  doited  -  theoretical. 

3.  Results  and  discussion  /  i  ;  V 

The  RS  spectra  reveal  three  mode  behaviour  of  GaAsSb  optical  phonons.  This  is 
evidem  from  the  appearance  of  the  LO,,  LOc,  LO2  bands  in  Fig.l  .a  (undoped  sample, 
longitudinal  optical  phonons)  and  Li,  Lc,  U  ones  in  Fig. l,c  (doped  sample,  screened 
longitudinal  optical  phonons)  in  (3oi)  polarizations;  Such  behaviour  takes  place  for  all 
studied  concentrations  (Fig.2)  and  is  similar  to  the  InGaAs  alloys  [2] 

;  The  Faust-Henry  factors  (FHF)  and  oscillator  strengths  (OS)  for  GaAsi-xSb*  polar 
optical  phopons  have  been  extracted  from  experimental  RS  spectra  in  the  way  described  in 
[2],  The  obtained  values  of  FGF  and  OS  are  presented  in  table  1,  And  spectra  calculated, 
using  these  parameters  are  shown  in  fig.  1  .a,c  by  dotted  line;. 

Analysis  of  the  obtained  values  of  FHF  have  shown  that  LOg  and  LO2  phonons 
correspond  to  vibrations  of  Ga- As  and  Ga-Sb  bonds  of  Ga2AsSb  phase,  while  LOj  one 
corresponds  to  the  vibration  of  GaAs  phase.  The  observed  parameters  show  that  almost 
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all  Sb  atoms  are  bounded  into  Ga2AsSb 

_ C^Au-I _  phase,  i.e.  the  content  of  this  phase  is 

;  twice  the  averaged  Sb  content. 

■  The  measurements  of  the  RS 

®2  •;250  spectra  in  (xx)  polarization  (Fig.l.b) 

- ;  reveals  a  strong  evidence  of  a  partial 

;; — £ - ]  ordering  of  the  Ga2AsSb  phase.  The 

§  : — ^  indication  of  the  ordering  is  A]  band  at 

&  L  *  J  .J-Q  215  cm-1  in  Fig.l.b.  Our  analysis  of  the 

§  phonon  modes  and  lattice  dynamical 

:  calculation  of  a  perfectly  ordered  ternary 

g  r  100  structures  have  shown  that  such  mode 

J  :  E  X  ^  exist  in  CuAu-I  type  [001]- 

^  ^  5Q  (GaAs);(GaSb)]  monolayer  superlattice 

;  (MSL)  of  Ga2AsSb  clusters  (?ig.3).  This 

_ j  mode  corresponds  to  vibrations  of  Ga 

r  [001]  atoms.  Its  frequency  calculated  in  th^ 

reduced  wave  vector  valence  overlap  shell  model  (VOSM) 

using  for  corresponding  consistuents  bulk 
Fig.3.  Phonon  disperrion  curves  for  [001]  parameters  [4]  220  cm*’  ,  is  in  8  good 
GaSb/GaAs  MSL  along  [001]  direction  of  Zinc  agreement  with  experimental  one.  The  Ai 
blend  structure,  calculated  in  VOSM.  mode  have  been  observed  bv  us  in  InGaAS 

alloys  but  at  a  lower  frequency  211  cm'’. 

The  calculated  frequency  of  Ai  tor  InGaAs  CuAu  structure  was  210  cm’,  fri 
IriGaAs  tliis  mode  corresponds  to  vibration  of  As  atoms,  The  difference  in  frequencies  of 
Ai  for  OaAsSb  and  InGaAs  is  very  well  related  with  atomic  mass  difference  of  Ga  (31) 
and  As(33)  and  support  its  assignments.  It  should  be  mentioned  that  the  intensity  of  (xx) 
component  in  GaAsSb  (Fig.3)  is  higher  than  in  InGaAs  what  probably  indicate  on  more 
complex  ordering  structure.  One  of  the  possibilities  can  be  chalcopyrite  (CH)  ordering. 
CH  structure  has  the  same  Ga  Ktblatlice  Ai  mode,  but  also  a  several  modes  of  Bi 

symmetry,  wihch  is  allowed  in  polarization. 

In  PL  spectra  an  additional  peak  B  (fig,4)  with  lower  energy  of  about  40-70  meV 
Table  1.  Parameters  of  the  optical  p.ionons  of  Ga^l-xSbx  (x=0. 12)  found  from  experimental  spectra. 


Fig,3.  Phonon  disperrion  curves  for  [001] 
GaSb/GaAs  MSL  along  [001]  direction  of  Zinc 
blend  structure,  calculated  in  VOSM. 


have  been  observed,  PL  and 
Raman  investigations  show  that 
the  second  peak  B  is  not  a  result 
of  unintentional  doping. 
Consulting  the  results  of  RS 
investigatioris,  it  is  naturally  to 
assume  that  the  additional  PL 
peak  is  caused  by  the  exciton 
localisation  on  Ga2AsSb 
clusters. 

The  GaAsSb  photo 
voltjuc  cells  were  prepared  with 
Zn-  diffused  p/n  junction.  The 
edge  of  photosensitivity  was 
shifted  in  such  sells  up  to  1.2  pm. 


4.  Conclusion 

Our  RS  studies  have 
demonstrated  Ga2AsSb  and 
GaAs  cluster  strut^ture  of  LPE- 
grown  relaxed  GaAsj.xSbx  layers  (x=0.07-27).  The  eNddence  of  partial  chalcopyrite  type 
ordering  of  Ga2AsSb  clusters  was  obtained  from  RS.  The  PL  spectra  show  an  additional 
peak  with  lower  energy  (40-70  meV),  which  is  interpreted  as  emission  from  Ga2AsSb 
clusters.  The  maximum  content  of  GaSb  phase  of  the  alloys  that  was  reached  during  our 
investigations,  was  about  27  %  with  the  band  gap  of  1 , 1  eV  at  77K  , 
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Introduction 

GaAs  grown  by  molecular-beam  epitaxy  (MBE)  at  low-temperature  (LT)  has  gained 
considerable  interest  as  a  very  promising  material  with  unique  properties  [1,2].  Earlier  studies 
have  revealed  that  GaAs  grovm  by  MBE  at  200'*  C  contains  a  strong  As  excess.  Arsenic  clusters 
are  formed  in  the  LT-GaAs  after  annealing  at  the  temperature  higher  than  500“C.  LT-Ga.  vs  can 
be  used  as  buffer  layers  in  field  effect  transistors  due  to  high  resistivity  and  as  an  active  layer 
in  ultra  fast  photodetf'ctors  since  the  carrier  lifetime  is  very  short  in  this  material.  It  is  generally 
believed  that  the  properties  of  LT-GaAs  are  strongly  affected  by  arsenic  clusters.  It  has  been 
previously  shown  that  the  clusters  distribution  can  be  controlled  by  inserting  of  thin  InAs  layers 
into  LT-GaAs  matrix  [3, 4], 

In  this  paper  we  studied  the  atomic  structure  of  InAs  delta-layers  in  as-grown  LT-GaAs  and  its 
transformation  after  annealing.  Dark-field  cross-sectional  transmission  electron  microscopy 
( TE.M'  and  high  resolution  €?lectron  microscopy  (HREM)  were  employed  for  this  propouse. 

Experimental  . 

The  LT  MBE  Ga,As  layers  were  grown  in  a  dual-chambers  ‘Katun’  MBE  system  on  undoped 
semi-insulating  GaAs  substrates  with  (001)  orientation.  The  substrates  were  prepared  for  growth 
procedure  in  the  conventional  manner.  A  85  nm  thick  buffer  layer  of  undoped  GaAs  was  grown 
on  the  substrate  at  SSO^C.  Then  the  substrate  temperature  was  lowered  to  200“C  and  an  LT  - 
GaAs  layer  was  grown  at  the  grown  rate  1  p/h  under  arsenic  pressure  of  7x10*^  Pa.  Indium 
delta  layers  were  formed  by  interrupting  the  Ga  beam  for  4  s.  and  using  an  In  beam  at 
deposition  rate  of  0,15  monolayer  per  second.  Thus  produced,  each  delta  layer  contained 
approximately  half  a  monolayer  of  InAs.  The  distance  between  the  delta-layers  was  varied  from 
20  to  60  >,m.  The  samples  were  divided  into  four  parts,  one  of  which  was  kept  as  grown,  the 
others  were  annealed  in  the  MBE  chambers  under  arsenic  overpressure  for  10  min  at  500,  600, 
and  700T. 


320 


Cross-sectional  TEM  specimens  were  prepared  by  mechanical  dimpling  followed  by  Ar*  ion 
sputtering  with  4  kV  energy  and  cooling.  Some  samples  also  were  prepared  by  cleaving  to  avoid 
the  effect  of  ion  sputtering  on  the  material  structure.  The  TEM  study  was  carried  out  by  using 
Jeol  200  and  Philips  EM420  transmission  electron  microscope. 


It  IS  well  known,  that  the  (200)  reflections  are  chemically  -  sensitive  for  fee  materials  and  can  be 
used  to  detect  composition  variation  using  dark  field  technique  [5].  That  can  be  applied  for 
observation  of  InAs  insertions  in  GaAs.  However,  in  the  case  of  InAs  delta-layers  an 
additional  contrast  in  the  image  can  araise  due  to  strain,  which  can  cause  a  significant,  error. 
Therefoi-e,  we  utilized  both  cross-sectional  conventional  samples  and  ihe  cleaved  samples  with 
used  (0-20)  reflections.  In  the  latter  case,  the  layer  projection  depends  cn  the  specimen  thickness 
(Fig.l).  Approximation  of  this  dependence  toward  zero  allows  us  to  derive  the  thickness  of  In 


Fig.l.Sheme  of  the  dark  field 
experiment  for  measurement  of 
InAS  layer  thickness  in  cleaved 
samples. 


Fig.2.  Simulating  image  of 
InAs  layer  taken  at 
dcfocusing  600  nm  and 
thickness  of  50  nm. 


d^'lta  layers.  This  data  was  compared  with  those  obtained  using  dark  field  teclmiquc  and  by 
analysis  of  high-resolution  im?  :,es.  The  measurements  of  InAs  delta-layer  thickness  from 
HREM  image  were  carried  out  by  analysis  of  contrast  and  fringes  intensities  corresponding  [o 
(200)  and  (220)  planes.  High  resolution  TEM  images  of  InAs  in  GaAs  matrix  w'crc  simulated 
using  McTEMP  program  various  defocusing  and  specimen  thickness.  An  example  of  (hi^ 
simulation  is  shown  in  Fig, 2,  One  can  see  a  pronounced  contrast  related  to  InAs  insertion. 

Re.sults  and  Discussion 
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Fig3.  shows  the  dark  field  TEM  image  of  an  as-grown  LT-GaAs  with  built-in  InAs  della  layers. 
A  contrast  related  to  In  delta-layer  shows  uniform  thickness  of  the  layers.  The  measurements  of 
both  conventional  and  cleaved  samples  gave  equal  result  that  the 
thickness  of  the  InAs  delta-layer  is  approximately  Inra.  This  value  was 
also  confirmed  using  HREM  image.  As  can  see  in  Fig.4  the  InAs  delta 
layers  are  as  thick  as  2-3  monolayers.  Taking  into  account  the  (200) 
interplane  distance  in  InAs,  the  layer  thickness  is  equal  to  0.9  nm. 

that  spread  of  InAs  layers  occurred  when  In  diffusion  was  activated 
upon  annealing.  That  became  significant  when  the  annealing 
temperatures  were  higher  than  bOO^C.  TEM  study  showed  that  InAs 
layer  thickness  increases  up  to  8-9  monolayers  after  annealing  at 
bOO^C  and  up  to  12  ML  at  700"C.  The  delta-layer  broading  was 
accompanied  by  formation  of  As-  precipitates  at  6-In  layers  (Fig.4). 

The  evaluation  of  InAs  layer  thickness  allows  as  to  estimate  the 
diffusion  coefficient  of  In  in  LT-GaAs.  According  to  [b],  the  InAs  delta- 
layer  spreading  A  is 


A=(4Dt) 


1/2 


Fig.3.  (200)  DF  image 
of  InAs  layer  in  an  as- 
gro^vn  samples 


where  D  is  diffusion  coefficient  and  t  is  annealing  duration.  Thus, 
estimated  the  diffusion  coefficient  of  In  in  LT-GaAs  matrix  is  b.3xl0‘ 
'*craVs  at  b00”C  annealing  and  6.9x1 0‘‘’cmVs  at  700”C- 


Fig.4.  HREM  image  of  InAs 
delta  -layers  in  as-grown  LT- 
GaAs 


Fig.5.  HREM  image  of  As 
pjecipitates  and  In  delta-layer 
in  annealed  samples  at  bOO^C- 
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The  obtained  values  of  diffusion  coefficient  are  approximately  equal  to  those  leporied  for 
conventional  stoichiometric  GaAs  [7,8j.  This  looks  rather  unexpected,  because  very  intensive 
diffusion  processes  go  on  in  LT-GaAs  under  annealing.  Tliese  processes  result  in  excess  arsenic 
precipitation  and  Ostwald  ripening. 


Summary 

Using  dark-field  TEM  and  HREM  we  have  studied  the  structure  of  InAs  delta  layers  inserted  in 
LT-GaAs  matrix.  Inspite  of  the  fact  that  only  0.5  MI.,  of  InAs  was  deposited  the  real  thickness  of 
InAs  delta-layers  was  found  to  be  2-3’  ML  In  as-grown  samples  and  it  increasing  upon 
subsequently  annealing.  Diffusion  coefficient  of  In  was  found  to  be  high  as  6.3x1 0  ‘*cm^,/s  at 
600°C  and  6.9x10' W/s  at  TOO^C. 
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ON  THE  POSSIBILITY  OF  THE  DEVEIOPMENT  OF  VICINAL 
STTPERLATTICES  IN  QUANTUM  WIRES  ON  SEMICONDUCTOR 
l  ow  -  INDEX  SURFACES 

V.  A.  PETROV 

Institute  of  Radio  Engineering  and  Electronics, 

Russian  Academy  of  Sciences,  Mokhovaya  1 1,  Moscou,  103907,  Russia 
E-mail:  vpetrov@mail.cplire.i-u 

As  is  well  known,  the  existence  of  superlattice  effects  in  quantum  wells  on 
semiconductor  vicinal  planes  (  thereafter  called  simple  vicinal  siiperlattices 
(VSL))  predicted  (V.A.Petrov,  1977  [  1  ])  and  discovered  independently  in  1977 
(T.Cole,A.Lakhani,P.J.Stiles  [  2  ])  is  due  to  tlie  appearance  in  these  systems  of  a 
new  cristallographic  translation  period  in  the  plane  of  quantum  wells »  cr  (  a 
-  lattice  constant ).  A  new  translation  period  produces  minigaps  in  the  energetic 
spectrum  of  the  particles  in  these  systems  and,  as  a  result,  different  superlattice 
effects.  At  present,  VSLs  are  developed  only  in  2D  systems.  At  tlie  same  time  it 
is  known  that  these  effects  should  be  maximal  in  quantum  wires  when  the  period 
appears  along  the  axis  of  the  wires. 

In  this  work  we  suggest  a  new  method  of  development  of  the  VSL  in  the 
qu.  titum  w-ires.  Tlie  special  feature  of  this  method  is  the  combination  of  the  main 
properties  of  the  VSL  -  the  separation  in  the  system  by  some  wny  of  the  long 
translation  period /f  -  with  the  possibility  of  developing  this  situation  in  the  quan¬ 
tum  w'ire  on  semiconductor  low  -  index  surfaces.  It  is  easy  to  see  that  this  situ¬ 
ation  is  possible  when  the  axis  of  the  quantum  wire  whicli  lies  on  the  low  ~  index 
surface  will  be  oriented  at  the  necessary'  angles  to  the  basic  translation  vectors 
along  the  surface  (Fig.l).  In  this  case  the  translation  symmetry  of  the  quantiun 
wire  wall  be  deteiiriined  by  its  oiientation  on  the  crystal  surface  since  the  pos¬ 
sibility  of  a  free  motion  only  along  the  axss  of  the  ware  selects  in  the  initial  two  - 
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dimensional  translation  group  along  the  surface  a  one  -  dimensional  translation 
subgroup  along  the  wire  with  the  basic  period  A.  Thus,  in  the  two  -  dimensional 
VSL  the  period  A  along  the  surface  is  selected  by  the  orientation  of  the  surface, 
whereas  in  the  one-dimensional  VSL  it  is  selected  by  the  orientation  of  the  wire 
on  the  surface.  For  example,  if  the  quantum  wire  is  realized  in  the  MOS  system 
with  the  use  of  a  narrow  gate  (V.A.Petrov  1978  [  3  ])  then  the  orientation  of  tlie 
wire  will  be  determined  simply  by  the  appropriate  orientation  of  the  gate. 

It  was  shown  that  two  situations  are  possible  in  one-dimensional  VSL  1  The 
quantum  wire  is  developed  on  the  surface  of  a  single-valley  semiconductor  (the 
minimum  of  the  energy  is  in  the  centre  of  the  Brilloiiin  zone)  or  when  in  multi-va¬ 
lley  semiconductor  the  centres  of  the  constant  energy  ellipsoids  are  projected  on¬ 
to  the  centre  of  the  two-dimensional  Brillouin  zone.  In  this  case  tlie  experimenta¬ 
lly  determined  superlattice  period  coincides  with  the  crystallographic  period  >4, 

2.  If  the  centres  of  the  constant  energy  ellipsoids  in  a  multi- valley  semiconductor 
are  projected  not  to  the  centre  of  the  two-dimensional  Brillouin  zone,  then  the  ex¬ 
perimentally  determined  period  (  quasiperiod)  is  different  from  the  crystallogra¬ 
phic  period /I.  The  analytic  expressions  of  the  periods  and  quasiperiods  were  ob¬ 
tained  as  a  function  of  the  angles  which  determine  orientation  of  the  quantum  wi¬ 
re  for  the  different  low-index  surfaces  GaAs  and  Si.  Tlie  positions  of  minigaps  in 
the  one-dimetisioiial  At-space  were  determined  It  is  should  be  noted  that  in  the 
region  of  the  particle  wave  function  localization  there  are  many  crystallographic 
planes  which  form  a  superlattice  energetic  spectnim  of  the  particle.  Illustrative 
estimates  of  tlie  magnitude  of  the  minigaps  for  the  quantum  wire  of  the  rectan¬ 
gular  cross-section  made  in  the  weak  coupling  approximation  demonstrate  their 
dependence  on  the  geometric  parameters  of  the  cross-section,  on  the  period  A 
(that  is,  on  the  angle  of  the  orientation)  as  well  as  on  the  ciystal  potential 
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Possible  effects  in  tliese  one-dimensional  vicinal  superlattises  and  tlieir  de\ice 
applications  are  discussed. 
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Non-stationary  growth  kinetics  in  GeH4-Si  MBE: 
composition  abruptness  at  Sii.xGejf/Si  interface. 
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The  influence  of  GeHj  molecule  disintegration  kinetics  on  compositional  abruptness  at 
Si,jcGex/Si  ihterfece  in  multilayer  quantum  size  heterostructures  grown  by  Si-GeH4  MBE  has 
been  studied.  Practical  recommendations  for  reduction  of  erosion  on  the  interface  are  given. 

One  of  the  main  requirements  on  a  growth  technology  of  nanometer  layer  structures  is 
obtaining  of  structures  with  extreme  sharp  interfaces.  We  have  developed  an  epitaxy  method  to 
obtaiii  Sij.xGex  layers  j6ora  a  SI  atomic  flow  and  a  GeH4  molecular  flow  (Si-Geli,  MBE),  which 
permits  to  grow  heterostructures  with  thin  (less  than  2  nm)  Ge  layers  [1,  2).  In  particular,  we 
have  grown  (Ge/Sxj.xGex)  superlattices  [1]  and  structure  with  two  quantum  size  Ge  layers  built- 
in  Sio^Gcot  alloy  [2]. 

There  are  two  main  ways  for  a  controlling  a  layer  composition  in  our  epitaxy  method 
The  first  way  is  the  Si  atomic  flow  manipulation,  the  second  one  -  changing  of  the  gennanc 
pressure.  The  first  variant  is  more  convenient  in  practice,  a.s  tlie  process  of  changing  th.e  value  of 
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the  Sj  atomic  flow  is  much  less  inertial  than  the  process  of  changing  the  germane  pressure. 
However,  using  tne  first  way  it  is  impossible  to  grow  pure  Si  layers.  To  obtain  such  layers  it  is 
necessary  to  lower  the  gemiane  pressure  to  a  zero.  Becarse  the  disintegration  rates  of  OeH^  («  = 
1,  2  .3)  molecules  accumulated  cn  a  surface  are  limited  and  exponentially  depend  on  the 
temperature,  these  molecules  can  for  a  long  time  be  or  a  growing  surface,  especially  at  low 
growth  temoeratures.  If  Si  atomic  flow  is  continuing,  a  graded  Si,.jcGejc  layei  /ill  grow  instead 
of  the  Si  layer  even  in  the  absence  of  segregation  and  diffusion  processes.  We  have  developed 
the  theoiy  of  growLh  kmedcs  of  Sii,xGe;c  alloy  layers  corresponding  to  Si-GeH4  -  MBE  [1,  2]. 

Ccmpaiison  of  the  experimental  data  and  die  theoretical  curves  has  allowed  to  determine 
Che  value  of  the  complete  dissociation  effective  frequency  of  molecules  GeHj 
VcH,  ”  0-5  ^  exp(-0.4/^:r)  ;s'*)  [1].  Tne  life  time  of  diese  molecules,  t,  strongly  grows  with  a 

reduction  of  the  temperature  and  at  7  =  400  “C  reaches  the  value  about  2x10'’ s. 

In  order  to  simulate  non-stationary  processes  we  used  a  rectangular  pulse  of  the  germane 
pressure  and  a  continuous  flow  of  Si  atoms.  The  duration  of  the  pulse  Xp  was  30  and  60  s.  TTius, 
the  transients  arising  after  running  of  the  germane  pressure  had  time  to  disappear.  Fig.  I  shows 
calculated  distributions  of  Ge  in  layers.  The  uneven  reduction  of  jc  immediately  after  the 
germane  pulse  is  connected  with  the  existence  of  an  additional  Ge  atomic  flow  to  the  substrate 
[1,  ?.].  Aftei  the  pulse  Ge  atoms  on  the  surface  are  formed  by  thermal  disintegration  of 
accumulated  GeH-,  molecules  only. 

For  die  analysis  of  the  influence  of  the  growth  lemperature  (7),  the  Si  atomic  flow  (F) 
and  the  germane  pressure  (P)  on  interface  abruptness  we  shall  iniToduce  a  characteristic  length 
ofa  transitive  area  h.  If  the  gio^Mh  rate,  V,  is  considered  constant,  the  characteristic  length  /i  can 
be  calculated  by  the  formula 
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^  =  KT  =  2Kexp(0.4/itr). 

As  is  cleaily  seen  from  Fig.  1  ard  the  formula,  the  growth  temperature  strongly  affects  the  Ge 
distribution.  At  high  temperatures  residua!  Ge  is  iocated  in  rather  narrow  area.  A  decrease  in 
.  temperature  causes  Ge  atoms  to  spread  to  greater  thickness  witli  a  simultaneous  lowering  of  the 
Ge  concentration  level.  An  increase  of  the  heterointerface  erosion  is  basically  coimeoted  with  the 
exponential  growth  of  the  life  time  of  GeH^  molecules. 

Ine  increase  of  the  Si  atomic  flow  results  in  greater  growth  rates  of  layers  (F-F)  and, 
hence,  in  a  larger  characteristic  length  h.  So,  for  -  IxlO**  em'^s'’  and  T  =  800  ®C  (Fig.  la)  the 
length  A  w  4  nm,  but  for  F  -  5x10*'*  cra'V  and  the  same  temperature  (Fig.  lb)  A  »  2  nm. 
Variauon  of  the  germane  pressure  does  not  have  any  appreciable  influence  on  the  value  of  h, 
however,  it  manifests  iiself  through  in  change  in  the  height  of  the  Ge  concentration  jump  after 
the  germane  pulse  (Fig.  lb  and  Ic).  As  is  shown  [1, 2],  tlie  size  of  the  Ge  atomic  flow  is  directly 
proportional  to  germane  pressure.  Therefore,  sharper  structure  profiles  are  obtained  at  laige 
values  of  P. 

Thus,  to  obtain  structures  with  excremcly  sharp  Sii.jfGeySi  interfaces  by  the  given 
method  one  should  increase  germane  pre'-sure  and  reduce  the  value  of  a  Si  atomic  flow.  1  he 
optimum  technological  process  seems  to  be  that,  in  which  after  the  germane  pulse  the  value  F  is 
consideraoly  reduced  by  t.  The  growth  temperature  in  this  case  is  chosen  such  tnat  the  lime  c  is 
not  very'  long  and  does  not  appreciably  slow  down  grorvtb  of  the  entire  structure. 
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Fig.  I .  Dependence  of  Ge  content  on  layer  thickness: 

a  -  F  =  IxlO"^  Torr,  f  -  Ixio”  ern'V*.  tp  =  30  s; 
b  -  />  =  I X I O'^  Ton-,  F = 5x  lO'^  em'V,  Xp  =  60  s; 
c  -  F  =  1 X I  o  ’  Torr.  F  =  5x  1 0”  em'^s'',  Xp  =  60  s. 
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Self-organizing  during  film  nucleation  in  GSMBE  ft^om  silane  and  germane: 


A.  V.  Potapov 

Institute  of  Physics  of  Microstructures  RAS, 

GSP-105,  603600,  Nizhny  Novgorod,  e-ra^:  potapov@>ipm.sci-nnov.ru 

The  qualitative  analj^is  of  a  formation  of  a  new  phase  from  silane  and 
germane  on  substrates  taking  into  account  chemical  reactions  between  surface 
components  is  made.  Is  shown,  that  for  a  determined  ratio  between  surface  diffusion 
coefficients  of  SiHs  (GeHa)  molecules  and  Si  (Ge)  atoms  an  adatom  distribution 
loses  a  stability.  Thus  there  can  arise  the  phenomenon  of  self-organizing,  causing  to 
a  periodical  dependence  on  coordinates  of  a  nuclear  concentration  of  the  new  phase. 
An  influence  of  the  hydride  pressure  and  growth  temperature  on  an  opportunity  of  a 
self-organizing  occurrence  is  analysed. 

In  the  last  years  the  physical  propertie.s  of  semiconductor  quantum-size 
systems  have  attracted  wide  attention.  In  particular,  due  to  the  confinement  of  free 
carriers  and  excitons,  quantum  dots  are  expected  to  give  an  incre^e  of  a  quantum 
efficiency  by  the  enhancement  of  the  optical  electron-hole  recombination  strength. 
Especially  it  is  important  for  indirect-gap  materials  in  view  of  their  possible 
applications  in  integrated  silicon  optical  devices. 

For  obtaining  of  quantum  dots  are  widely  used  molecular  beam  epitaxy  and 
chemical  vapour  deposition  tecimiques.  In  the  present  work  the  qualitative  analysis 
of  Self-organizing  effect  in  the  silane  and  germane  gas-source  molecular  beam 
epitaxy  is  made. 

During  the  film  growth  from  hydrid-s  on  a  growing  surface  different  chemical 
reactions  take  place.  If  the  interaction  of  various  components.,  adsorbed  by  a 
substrate,  is  non-linear,  the  stability  can  be  lost  ju.sl  as  it  occurs  in  ordinary  clicmicai 
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systems  As  a  result  a  conception  distribution  of  a  new  phase  becomes  non-uniform. 
Moreover,  the  fact,  that  the  product  of  the  reaction  undergos  a  phase  transition,  can 
result  in  the  development  of  the  instability.  This  instability,  probably,  is  one  of 
reasons,  causing  the  non-unitbrm  film  growth. 

So,  I  shall  consider  the  problem  on  stability  of  a  system  of  adsorbed  atoms 
and  molecules  on  the  basis  of  a  simple  model.  Let  hydride  molecules  arrive  on  the 
surface  (M  -  Si  or  Ge  atom) 

NfH  j  +  2  — >  MK->  +  H ,  (1) 

molecular  MH3  may  disintegrate  by  two  ways 

MIl3+3-iM+3H  <2) 


MHi  +  M+3-)-2M  +  3H,  (3) 

thus,  the  atoms  M  are  a  self-catalyst,  llren  adatoms  are  built-in  a  crystal  lattice 
m4m„.  (4) 

For  simplicity  we  shall  consider,  that  tlie  concentmtion  of  hydrogen  atoms  on  the 
surface  is  negligible  and  a  quantity  of  conceptions  of  the  new  phase  is  ccnstantly. 
Then  for  surface  concentrations  of  molecules  MH3  arid  atoms  M  it  is  possible  to 


- =  DAbwKj  ■’■/(I 

ui  ^ 

The  investigation  of  this  system  revealed,  that  for  realization  of  the  instability 
the  ratio  between  diffusion  coefficients  of  the  atoms  M  and  molecules  MHj  k  must 
be  less  than  unit.  In  the  interval  (0,  1)  can  exist  one  or  two  areas  of  unstable  states. 
On  the  diagram  two  possible  situations  are  submitted  (areas  of  the  instability  are 
shaded). 
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In  the  case  of  the  high  j/ressure  (/  »((),v,y)  critical  values  ky  j  afe  approximate 
equal  to 

/:i,2  <  1  when  Y  <  2VA  ±  I vl'v  +  (p0m)  , 

here  0^  -  the  equilibrium  concentration  Si  or  Ge  atoms  on  the  substrate  surface. 

For  the  pair  SiH3  and  Si  A: » ,  that  is  a  lot  of  less  than  1  in  the  all 
temperature  range  presenting  practical  interest  [1,  2]. 

Analysis  shows,  that  near  to  the  critical  point  k\  the  surface  concentration  of 
molecules  MH3  and  atoms  M  change  in  anti-phase.  In  this  case  a  characteristic 
period  of  non-homogeneities  is 

^  ’  ' 

whence  follows,  that  distance  between  non-homogeneities  will  grow  at  increase  of 
the  temperature  to  decrease  at  increase  Of  the  pressure.  Conception  of  a  new  phase 
be  formed  in  those  areas,  where  the  adatoni  concentration  exceeds  some 
thi^hold  significance. 

The  transition  of  the  system  in  the  steady  condition  v/ill  occur  at  infringement 
of  the  condition 

1 

-9  - 1^>  0. 

"  V  4  ^ 

Thus,  the  increase  of  temperature  should  result  in  failure  of  the  instability  because 
the  speed  of  reaction  (2)  exponentially  grows. 

Downturn  of  temperature  will  lead  to  tlie  accumulation  of  hydrogen  on  the 
surface.  Account  of  this  ePect  results  in  the  following  condition  of  transition  in  the 
steady  state 
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[|-9h]<P-3v<0, 

vhence  it  is  visible,  that  the  increase  of  the  hydrogen  concentration  strengthens 
fulfilment  of  this  inequality  and  at  some  significance  results  in  that  the  System  will  be 
steady  at  any  significance  of  parameters. 

Tnus,  should  exist  an  interval  of  temperatures,  in  which  the  process  of  self¬ 
organizing  wUl  be  realized.  At  temperature  below  this  interval  the  failure  of 
instability  is  caused  by  the  accumulation  of  hydrogen  on  the  surface,  and  above  -  by 
the  exponential  growth  of  the  rate  of  molecules  SiHs  (GeHa)  thermal  disintegration. 
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Selforganization  of  the  fuUerene  complexes  on  solution 

V.V.  Rctkin 

Ioffe  Physical-Technical  Institute,  26,  PoliU  khnicheskaya  st,  164021  StPetersburg,  Russia. 

(21Aprni997) 

It  is  shown  that  the  vari-der- Waals  energj'  of  the  cluster-duster  interaction 
in  the  fullerene  systems  is  described  well  via  the  diange  of  the  plasmon  energy. 

The  energetical  reason  gives  a  guess  that  the  solution  of  the  single  Ceo  duster 
is  not  favorable.  Contrary,  the  dimer  solution  energy  is  negative,  which  results 
in  the  supposition  that  the  dissolving  occurs  via  the  dimerization.  The  possible 
experiment  to  proof  the  result  is  discussed. 


After  last  six  year  efforts  which  are  nianifested  by  hundreds  of  papers  on  the  physics, 
chemistry  of  the  fulierenea  and  the  fullerene  based  materials  it  is  known  a  lot  about  the 
electronic  structure  of  the  single  macromolecule  which  is  the  base  of  the  different  materials 
like  the  doped  solids  and  the  cJiemicaJ  adducts.  A  variety  of  the  computational  methods  was 
used,  from  the  ab  initio  calculation  to  the  empirical  approach  to  compute  the  energy  of  the 
inter-cluster  interaction  in  the  fullerene  solid.  One  interesting  in  a  review  of  the  calculation 
and  experiment  can  look  at  the  references  in  [1,2]. 

This  paper  introduces  the  simple  thecjreticaJ  approach  allowing  to  evaluate  the  energy 
of  the  van-der- Waals  interaction  in  the  fullerene  condensed  phase.  The  main  part  of  this 
interaction  Is  determined  by  the  plasma  modes  of  the  solid.  The  same  approach  v/as  used 
for  the  evaluation  of  the  interaction  of  the  single  cluster  with  the  different  solids  in  [3]. 
The  interaction  of  the  cluster  and  the  organic  (nori-polar)  liquid  solvent  will  be  likewise 
considered  below.  .  , 

The  optical  and  electriced  properties  of  the  fuUerene  materials  allows  to  talk  about  Ceo 
as  the  new  artificial  atomic  unit  for  the  nano-engineering.  Tiowever  the  level  of  the  fullerene 
technology  is  not  high  enough  to  be  competitive  with  the  standard  electronic  materials.  The 
single  cluster  gives  thg  classical  example  of  the  semiconducting  quantum  size  dot.  Relating 
to  that  it  occurs  interesting  to  know  more  about  the  stability  of  different  fullerene  complexes, 
namely,  the  dimer  and  other  possible  oligomers.  As  it  has  been  declared  in  the  abstract  lhj,s 
theoretical  paper  predicts  the  formation  of  the  fullerene  dimer  during  the  dissolving  of  tlie 
solid  fullerene.  The  consideration,  probably,  correlates  with  the  recent  experiment  [4],  where 
the  dimerized  structures  were  observed  in  the  ’water  mixture.  Even  the  polar  liquid  solvent 
stills  beyond  this  theory. 

1.  THE  ENERGY  OF  THE  VAN-DER-WAALS  INTERACTION 

As  usual  the  van-der- Waals  energy  is  given  by  the  shift  of  the  plasmon  zero-oscillation 
energy  in  the  solid  comparing  with  the  single  cluster.  This  shift  is  due  to  the  Coulomb 
interaction  between  clusters  wurich  can  be  reduced  to  the  elementary  cell  in  the  tran.slational 
invariant  system,  The  origin  of  the  van-der- Waals  forces  is  the  same  as  the  depolarization 
shift  of  the  plasma  mode  ivequeiicy  in  the  dielectric  medium. 

In  the  case  of  the  cubic  crystal  and  for  the  rotationally  invariant  system  (liquid,  for 
example)  one  can  easily  calculate  thi.s  depolarization  shift  following  the  method  of  tlie  inear; 
field.  Tlicn  the  borontz-Lorenz  approximation  gives  the  .shift-  including  the  local  field  etfects. 
This  is  valid  for  the  solid  fullerene,  which  forms  I’oitunately  face-centered  cubic  lattice. 

We  calculate  the  mode  fixquencie.s  for  the  face  centered  cubic  cell  with  four  r  hister.'s  in 
the  appioximatior:  of  the  dipole-dipole  interaction.  It  wa.s  shown  that  the  higher  miltipcbti' 
interaction  terms  can  be  neglected  i.^j.  Howev'er,  it  is  not  important  because  of  our  model 
allows  to  ineJude  any  mnlt.ipoie  correction  if  anybody  netxis  rnore  accuracy. 
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The  dipole  excitation  of  the  single  cluster  is  elementary  unit  in  all  our  consideration.  It 
was  shown  that  Ceo  electron  density  has  the  collective  mode  with  the  frequency  about  25  eV. 
This  is  the  surface  plasrnon  on  the  fuHerene  sphere.  It  can  be  described  pLenomenoIogicaily 
[6]  as  well  as  within  more  sophisticated  approach  (see  [7]  and  references  [10-14]  in  Ref.[7]).  So 
far  the  dipole  plasrnon  we  will  use  ais  the  elementary  excitation  of  the  fulleretie  ’’super-atom" 

In  other  terms,  the  van-der-Waals  interaction  can  be  written  using  the  fluctuation- 
dissipation  theorem  as  the  integral  over  the  frequency  of  the  combination  of  the  Ceo  cluster 
dynamic  polarizability  and  the  dielectric  function  of  the  medium.  Of  coarse,  in  the  case  of 
the  pure  crystal  Ceo  it  is  the  same  function.  Then  this  integral  can  be  evaluated  in  the 
complex  plane  of  the  frequency.  The  main  contribution  come.s  from  the  excitation  having 
the  maximal  oscillator  strength.  It  is  the  collective  plasma  mode  of  the  cluster. 

I.et  us  remind  that  the  frequency  of  the  dipole  plasrnon  can  be  found  as  the  hollow  metal 
sphere  plasrnon  frequency: 

/2  /940  e2 

-~22eV  a;p  =  ^^^-26.9eV,  (1) 

hf-te  tOy  is  the  bare  plasma  frequency,  240  is  the  number  of  valence  electrons  of  the  cluster, 
with  the  electron  mass  m  and  the  charge  e.  The  sphere  radius  R  is  taken  3.3  A  to  describe 
the  fullerene  plasrnon  properly.  The  details  of  the  calculation  can  be  found  in  [7], 

Con.sidering  the  fullerene  solid  we  use  the  Lorentz- Lorenz  approximation  due  to  the  high 
polarizability  of  the  single  cluster,  a.  A  packing  factor  coming  into  the  dielectric  function 
along  with  the  dynamic  polarizability  reads  as: 

a{u)  =  »?  =  47rt'a{0)  =  47r^7?3  (2) 

where  1/  =  4/d^  is  the  density  of  the  clusters,  d  ~  14.2  A  is  the  lattice  constant.  This  is  very 
common  parameter  in  such  a  calculation,  we  take  it  as  ,0.79. 

It  will  be  very  convenient  to  use  the  square  of  dimensionless  plasma  frequency  x  =  a?*/wj . 
This  Lorentz- Lorenz  formula  gives  us  the  plasma  longitudinal  frequency  uj/,  —  u}\^/xL  ~ 
26.2  eV  along  with  the  transverse  excitation  frequency  wy  =  ~  19.6  eV  as  the  zero 

and  the  pole  of  the  e,  the  dielectric  function.  Then  the  van-der-Waals  energy  is  the  simple 
difference  between  the  plasma  frequency  of  the  cluster  and  the  modes  in  the  solid.  It  reads 

2  ‘ 

W  -  huJi  {s/xl -\- 2y/^ -  Z)  - - (3) 

'I’lie  only  two  |>arameters  determining  the  van-der-Waals  energy  are  the  plasrnon  energy 
and  the  paclcing  factor.  In  the  expression  above  we  used  the  expansion  011  the  small  t). 
The  interplay  between  these  parameters  gives  us,  for  example,  the  plasma  frequency  on  the 
tHMindary  between  some  mediums,  in  the  liquid,  in  the  medium  with  polarizable  dopant  and 
•SO  on.  Wc  will  discuss  it  at  length  elsewhere.  Substituting  the  numbers  into  Eq.{3)  one  gets 
the  vaii-der-Waals  energy  about  -0-36  eV  per  cluster  in  the  solid.  The  one  of  the  first  papers 
eotiiaiiiiiig  .similar  corisideratiori  to  be  mentioned  is  [8].  In  the  next  section  we  will  compare 
the  result  with  the  energy  in  solution. 

2.  FULLERENE  IN  SOLUTION 


large  number  of  the  highly  polarizable  electrons.  The  stanrlard  medium  is  nearly  transsparent 
af  this  frequency.  More  precisely  the  dielectric  function  of  the  medium  is  slightly  less  than 
the  unity  at  the  frequency  of  Cea  plasmon.  Such  a  behavior  of  the  dielectric  function  is  not 
common.  Probably,  it  was  the  reason  that  in  earlier  papers  the  depolarization  shift  of  the 
plasmon  of  the  (7ec  cluster  in  the  dielectric  liquid  has  been  calculated  improperly. 

In  [9]  the  dielectric  function  has  not  been  considered,  in  contrary,  the  static  permittivity 
has  been  used  for  the  liquid  surrounding  the  cluster.  Then  the  boundary  conditions  change 
so  that  the  plasma  frequency  depends  on  the  permittivity  of  the  solvent.  Then  the  difference 
in  the  plasma  frequency  reads  as  follows: 

-  ^(1  “  c),  (4) 

he.-e  we  expand  the  expression  Eq.{4)  on  the  small  positive  parameter  1  >  1  —  e  >  0.  This 
is  the  logical  way  to  solve  the  Barton  model,  we  note  that  e  =  e(x)  is  the  function  of  the 
frequency  by  itself  that  was  omitted  in  [9].  Then  it  is  seen  from  Eq.(4)  that  the  plastnon 
frequency  shifts  upward,  that  doe.s  not  consist  wdth  the  solubility  of  the  fulleiene. 

According  [7],  the  surface  plasmon  in  Ceo  is  the  spherical  oscillation  of  electron  den.?ity 
For  central  symmetry  of  the  cluster  we  use  expansion  of  all  quantities  in  complete 
spherical  harmonics  F  i,(r)YT>/(n)  those  form  a  complete  set  on  a  sphere.  In  spherical 
geometry  a  radial  jump  in  electric  field  is  given  by: 

21  + 1 

^  ('^,1 

where  ==  +  4nRcr  -j,/(2I  +  1)  +  is  acting  potential,  l,M 

are  muitipole  power  indexes  (or  angular  momentum  and  its  projection  onto  z-a,xis).  The 
selfconsistencv  of  the  calculation  is  proved  by  this  acting  potential  including  the  induced 
potential  of  the  Cso  plasmon  as  well  as  the  potential  due  to  charge  density  induced  in  the 
solvent.  We  close  the  equation  system  by  writing  the  response  function  for  the  fullerene  as; 

t  47ri2  :  _  47rjR  u>^ 

21  +  1^^  ~  ~  2L 

where  x  is  a  response  function  of  single  sphere.  This  expression  is  easily  obtained  fron?  classic 
charge  liquid  equations  [6,?].  This  consideration  is  more  general  than  our  T  =  1  case  of  the 
dipole  plasmon  mode.  However  for  the  spherical  symmetry  the  expression  Eq.(6)  holds  mr 
at!  muitipoles. 

VVtien  the  induced  in  the  solvent  potential  =  0  is  absent,  we  return  to  the  bare 
p)a.smon  freciuenry.  The  corresponding  bare  dispersion  equation  reads  as: 


4x/< 


1  .  .2  „  ^  ’ 


(7i 


while  we  simply  < iiange  the  unity  to  the  dielectric  function  including  the  solvent  potential. 
It  is  easily  seen  substituting  the  Eq.(6)  into  Eq.(5)  and  taking  the  standard  RPA  sum.  As 
a  result  the  plasma  frequency  in  the  solution  is: 


rf(cj  =  Wi/cffi)  (8;, 

The  fre,qucncy  i.s  smaller  than  for  the  bare  Coo  that  is  better  than  the  result  Eq.(  i). 

So  far  we  obt.ain  the  plasmon  in  the  fullerene  solid  and  in  the  solution.  We  will  use  for 
the  dielectric  function  of  the  liquid  .so)v<;rit  the  corrniion  fornniia: 
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where  u.*/,  is  the  typical  iongituf'inal  frequency  of  the  c(fi),  and  wr  is  the  transverse  frequency. 

With  this  definition  the  van-der-Waals  energy  can  be  written  as: 

IV  =  (*-»(-)’  (1“) 

Wy  \U.'i  / 

here  eo  is  the  static  permittivity  which  is  related  to  the  transverse  and  lo^itudinal  frequen¬ 
cies.  The  typical  values  for  Co  is  2.3  for  the  benzene,  2. 1  for  the  toluene.  The  van-der-W^ls 
energy  is  about  -0.2  eV  for  these  solvents.  So  we  have  to  conclude  that  by  this  energetical 
reason  the  solid  fullerene  should  be  more  stable.  _  .  fci  r 

Let  us  consider  the  fullerene  dimer,  the  similar  problem  was  done  m  the  [5j  tor  the  Giia 
molecule.  The  plasmon  frequency  is  splitted  in  the  axial  field.  Therefore  the  new  modes 
bring  the  energy  of  the  interaction  between  clusters  in  the  dimer  as  the  difference  between 
the  frequency  of  the  bare  plasmon  and  new  one.  Then  the  van^der-Waais  energy  of  the  dimer 
coupling  reads  as: 


w 


/  /  3  U>i,  —  tUj.  tUy 

[wj  [ 
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where  i?  ~  3.6  A  and  ~  8  A  are  the  cluster  radius  and  the  inter-clustdr  distance;  here  the 
last  term  conies  from  the  solvent  depolarization,  it  is  a  small  correction  (about  a  percent) 
which  will  be  neglected.  The  typic^  value  of  the  van-der-Waals  energy  of  such  a  dimer  is 

^'^^We  suppose  that  solvent  softens  the  van-der-Waals  forces  between  Cqo  clusters  near  the 
surface.  Then  the  fullerenes  form  dimers  near  the  surface.  Certainly,  the  process  has  to  be 
recalculated  more  accurately,  including  the  conditions  on  the  boundary  between  the  fullerene 
solid  and  the  solvent.  We  believe  that  these  selforganized  structures,  probably,  can  be  found 
in  the  solution.  The  Raman  and  IR-active  phonon  modes  of  the  single  cluster  are  splitted  in 
the  dimer  like  the  plasmon  frequency  shown  above.  Besides  that  the  UV  irradiation,  of  the 
solution  can  shift  the  equilibrium  in  the  selforganization  process  because  of  the  excitation  of 
the  single  cluster  plasmons. 
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Studies  of  structures  with  reduced  dimensionality  brought  on  by  their  intriguing  physical 
properties  are  hampered  by  technological  difficulties  which  arise  when  creating  such  structures. 
In  this  work,  we  propose  a  new  procedure  for  obtaining  two^  and  one-dimensional  magnetic 
nanostructures  which  includes: 

1.  Production  of  superparamagnetic  nanoparticles. 

2.  Preparation  of  a  colloidal  system  of  the  nanoparticles  in  a  dissolved  polymer. 

3.  Fabrication  of  a  matrix  to  be  grouted  with  the  colloidal  solution. 

4.  Employment  of  capillary  forces  and  an  external  magnetic  field  for  providing  regular  arrangement 
of  the  particles  in  the  matrix. 

Recently,  the  possibility  was  shown  to  insert  Carbon  or  metalloorganic  clu.slers  into  ultranarrow 
(1-100  nm- wide)  slits  in  GaAs  films  [1],  the  slits  with  atomically  smooth  edges  having  been 
‘  obtained  with  using  the  controllable  cracking  method  [2].  In  this  paper,  we  show  the  possibility  of 
-  inserting  superparamagnetic  particles  into  such  slits  followed  by  their  rigid  fixation  in  a  polymer 
matrix.  '  V  ' 

,  The  magnetite  partioses  smaller  than  10  nm  in  size  are  known  to  exhibit  paramagnetic  properties. 
They  possess  intrinsic  magnetic  moments  aligned  according  to  the  direction  of  the  applied  magnetic 
field,  the  particles  themselves  remaining  immobile.  Thus,  imposing  a  magnetic  field  on  thin 

■  polymeric  films  with  the  superparamagnetic  particles  inserted  into  slits,  one  can  create  quasi-two- 
dimensional  and  quasi-one-dimehsional  systems  of  equally  oriented  magnetic  dipoles. 

■  Ultranarrow  slits  were  controllable  created  in  GaAs  films  with  thicknesses  ranging  from  0.1  to 

■  10  fim.  The  width  of  the  slits  varied  from  3  to  100  nm  being  dependent  on  cracking  conditions  and 
film  parameters.  With  the  help  of  capillary  forces,  the  slits  were  filled  up  either  with  a  colloidal 
system  of  iron  oxide  particles  in  the  polystirene  dissolved  in  toluene,  or  with  the  santc  solution 
containing  suspended  magnetite  nanoparticles  (Fe^Oa)  which  had  been  preliminarily  obtained  from 
adsorption  of  iron  (3)  acetate  onto  the  surface  of  the  soot  followed  by  removal  of  carbon  matrix. 
According  to  the  specific  magnetisation  measurements  and  small  angle  X-ray  scattering  and  .X-ray 
diffraction  data,  the  mean  size  of  the  particles  was  about  2  nm.  Small  width  of  the  slit  results  in  a 
mechanical  orienting  of  non-spheroidal  particles  upon  their  motion  inside  the  capillary  formed  by 
.slit  edges  as  well  as  in  one-layered  atrangement  of  the  particles  in  the  thin  ppiy.stirene  matrix.  .Such 
thin  polymeric  films  with  rigidly  fixed  (after  removing  the  solvent)  particles  could  be  the  object  of 
HRTCM  studies. 

The  samples  for  the  HRTEM  studies  were  prepared  with  using  two  different  methods: 
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1.  By  cleaving  the  GaAs  film  along  a  slit  with  subsequent  separating  of  the  polyslircne  film  off  its 
edges; 

2.  By  chemical  etching  of  the  GaAs  resulting  in  partial  uncovering  of  the  polystirene  film. 

In  the  HRTEM  images,  there  have  been  obsei-ved  isolated  crystalline  particles  with  lateral 
dimensions  from  4  to  20  nm  and  their  aggregates.  The  strips  in  the  images  due  to  the  crystal  lattice 
of  the  particles  corresponded  to  the  cubic  structure  of  magnetite.  There  have  been  observed  reflexes 
corresponding  to  {111}  planes  (separation  between  strips  0.48  nm)  as  well  as  to  { 100}  and  {220} 
planes  (0.42  and  0.29  nm,  respectively). 

The  lower  (as  compared  to  the  HRTEM  data)  values  of  the  particle  size  yield' jd  by  the  small 
angle  X-ray  scattering  and  X-ray  diffiaction  techniques  can  be  explained  if  we  recall  that  it  i^ 
the  coherent  scattering  length  which  is  determined  by  these  methods,  while  the  true  particle  size 
can  exceed  the  latter.  The  underestimated  particle  sizes  extracted  from  the  specific  magnetisation 
measurements  may  be  related  to  the  fact  that  the  real  shape  of  the  particles  could  differ  from  the 
spheroidal  one  assumed  in  treating  the  data.  Additionally,  owing  to  the  orienting  influence  of  the 
r  arrow  slit,  it  is  the  largest  (in  area)  sides  of  the  particles  that  turn  out  to  be  norma!  to  the  direction 
of  the  testing  electron  beam  of  microscope. 

Superparamagnetic  particles  are  known  to  play  an  important  part  in  the  magneioreceptivity  of 
living  beings.  The  present  works  considers  some  application  fields  of  the  above  nanostructures 
with  superparamagnetic  properties  based  on  the  principles  met  with  in  nature. 
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In  the  present  work  we  report  on  growth  by  molecular  beam  epitaxy  and  structural  and  optica! 
characterization  of  strained  InAs  quantum  islands  embedded  in  an  (In,Ga)As  matrix  lattice 
matched  to  an  InP  substrate.  The  onset  of  island  growth  mode  after  depositing  3  monolayers  of 
InAs  was  revealed  by  transmission  electron  microscopy  (TEM)  and  high  energy  electron 
diffraction  (RHEED).  The  InAs  islands  formed  are  coherently  strained  and  have  a  base  length  of 
the  order  of  20-5-90  rtm.  Island  formation  leads  to  appearance  of  an  additional  dominant  line  in 
photoiuminescence  spectra  that  shifts  towards  lower  energy  with  increase  in  effective  thickness  of 
InAs  deposited.  The  emission  of  InAs  islands  covers  the  wavelength  band  within  1.65-^2  ttm 

Remarkable  improvement  of  the  threshold  current  density  (J^h)  and  its  thermal  stability  have 
been  predicted  for  a  quantum  dot  (QD)  laser  [1].  Self-ordered  quantum  dots  (QDs)  fonned  in  a 
wider  band-gap  matrix  are  promising  candidates  for  laser  applications!  Up  to  now,  staictural  and 
optical  properties  of  (In,Ga)As  QD  arrays  inserted  into  an  (Al,Ga)As  matrix  have  been  studied  in 
details.  They  were  applied  as  an  active  region  of  injection  lasers  to  achieve  continuous  wave 
operation  for  lasing  via  the  QD  ground  state  up  to  room  temperature  with  output  power  of  the 

order  of  1  W  and  Jth  values  as  low  as  100  A/cm^  [2j.  However,  the  emission  wavelength  of  QDs 
formed  on  GaAs  substrates  is  limited  within  0.9-5-1.3  pm  range.  The  extension  of  the  wavelength 
range  which  can  be  achieved  in  QD  structures  up  to  1 .3-2.0  pm  seems  to  be  very-  promising  for 
applications  in  optical  fiber  communication  and  environment  pollution  monitoring  systems. 
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In  the  present  work  we  will  show  that  this  problem  can  be  solved  by  InAs  QDs  inserted  into  an. 
IiiGaAs/InP  matrix.  Such  structures  are  "very  interesting  from  the  fondamental  point  of  view  as 
well  to  investigate  spontaneous  formation  of  low-dimensional  objects  in  addition  to  studies  in 
(In, Ga)As/(Al,Ga)As  material  system. 

The  structures  studied  were  grown  by  molecular  beam  epitaxy  (MBE)  in  an  InG^s  matrix 
lattice  matched  to  InP.  The  effective  thickness  of  In>.5  deposited  (QmAs)  varied  within  0-5-13 

monolayers  (ML).  Photoluminescencc  was  excited  by  He-Ne  laser  (20  W/cm  ,  1.954  eV)  and 
detected  by  cooled  InSb  photodiode. 

Monitoring  RHEED  patterns  during  the  InAs  deposition  gives  an  unambiguous  evidence  of  the 
formation  of  three-dimensional  islands  after  depositing  approximately  3+3.3  ML  of  InAs  in  a 
good  agreement  with  the  data  reported  for  the  deposition  of  InAs  in  an  (In,  AI)As/InP  matrix  [3] 
as  well  as  of  Ino.sGao.sAs-in-GaAs  system  [4,5}  which  is  characterized  by  nearly  the  same  lattice 
mismatch.  However,  we  should  note  that  in  our  case  the  spotty  contrast  in  RHEED  pattern  is  not 
so  pronounced  indicating  that  the  islands  have  a  lower  aspect  (height-to-base)  ratio  as  compared 
to  that  in  the  case  of  (In, Ga)As-GaAs  system. 

Transmission  electron  microscopy  gives  a  clear  evidence  of  the  presence  of  coherently  strained 


InAs  islands  Fig.l  shows  lateral  size 
histogram  for  the  sample  obtained  by 
deposition  of  6  ML  of  InAs.  The  average 
lateral  size  of  about  50  nm  is  noticeably  lager 
than  the  corresponding  value  in  the  case  of 
InGaAs  QDs  on  GaAs  which  can  be  varied 
8+20  nm  [5]  depending  on  growth  condition. 
It  should  be  noted  that  the  island  size 
extracted  from  TEM  images  in  the  present 
work  may  be  somewhat  larger  than  the  real 
one  due  to  the  effect  of  strain  fields 
propagating  into  a  matrix.  The  similar  large 
lateral  size  was  obtained  by  atomic  force 


Lateral  size,  nm 

Fig.l.  Laleral  hisingiwn  of  fhe  6-, MI. 


micro.scopy  for  InAs  islands  grown  by  gas-  arnty'  of  hi.is  islands. 
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source  MBE  on  GalnAsP  quaternary  buifer 
layer  [6].  Typical  island  height  of  about 
4-^5  nm  \7as  revealed  by  cross-section  TEM 
images.  In  agreement  with  BHEED  aata,  the 
islands  are  characterized  by  low  aspect  ratio 
of  the  order  of  1;10.  They  lie  on  a  few 
monolayer  thick  wetting  layer  of  InAs. 

77  K  photoluminescence  (PL)  spectra  of 
the  stmctures  with  varied  effective  thickness 
of  InAs  deposited  are  presented  in  Fig.2. 
Island  formation  leads  to  appearance  of  a 
dominant  line  strongly  red  shifted  v/ith 
respect  to  emisssion  of  the  (In,Ga)As  matri:-;;. 
PL  lir.evwdth  does  net  depend  on  InAs 
coverage  to  be  about  35-J-37  meV.  Integrated 
PL  intensity  as  a  function  of  InAs  effective 
tlrickness  is  nearly  constant  until 
ml  when  it  starts  to  fait  do\vn.  No 
PL  signal  was  recorded  for  the  sample  of 
Qi»As=13  ml 

PL  peak  position  gradually  shifts  toward 
longer  wavelengths  wiflt  the  increase  in  the 
efteefive  thickness  of  IsiAs  deposited 
(fig.  3),  The  experiment ?J  data  are 
compared  with  the  result, s  of  the  runrierical 
calculation  of  the  optical  traiisition  energy  in 
JnAs/InGayVs  (luantiini  weeii  assuming  two- 
dirnensiona!  groudh  mode  (7],  If  is  dearly 
see!',  inat  tlie  island  for-uat-.on  lead  to  the 
rerujiKabit  red  .lii;!  i  -f  Pi.  t'cak  iHisit- x! 


Photon  energy,  eV 

Fig.2.  77 K  PL  spectra  of  the  sat.ipies  with 
InAs  effective  thickness  in  the  active  region 
varied  v/ithin  0-13  ML. 
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Fig.  3  PLpeakpositjon  777K)  for  the  structures 
'Fith  hAs  islands  (this  work)  and  nuwerk  ai 
caktu.Uifir  for  ItiAs  quantum  welt  /7/. 


The  maximum  wavelength  obtained  in  the  present  work  (QinAs"9ML)  is  as  high  as  1.944  pm 
(11  K). 

The  experimental  data  obtained  can  be  well  explained  as  follows.  Formation  of  three 
dimensional  islands  in  the  active  region  results  in  a  drastic  increase  in  carrier  localization  energy 
owing  to  an  extension  in  effective  size  of  the  active  region  in  growth  direction.  At  the  same  time,, 
coherent  growth  of  a  strained  island  can  be  maintained  until  some  critical  size  beyond  which  misfit 
dislocations  are  appeared.  Such  a  plastically  relaxed  island  does  not  contribute  to  luminescence. 
Thus,  we  can  conclude  that  an  essential  part  of  islands  excess  a  critical  size  at  QihAs  of  about 

ll-rl3ML. 

In  conclusion,  arrays  of  strained  InAs  islands  in  an  (In,Ga)As/InP  matrix  were  synthesized  by 
self-organization  during  pseudomorphic  MBE  growth.  Preliminary  investigation  of  their  staictural 
and  optical  properties  were  reported  on.  RHEED  and  TEM  data  in  a  favor  of  island  formation 
were  presented.  PL  peak  position  up  to  1,94  pm  was  observed  at  77  K. 
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INTRODUCTION 

Lante  and  sophisticated  electron  beam  lithography  instruments  are  a  necessity  in  modem  1C 
production  -  but  besides  this,  there  are  many  applications  which  need  elecir  ?  beam  lithography  at 
a  much  smaller  scale.  Some  of  tliese  fields  are:  optimizing  of  electron  resist,  integrated  optics  ex¬ 
periments,  X-ray  optics  with  zone  lenses,  exiieriraents  with  individually  created  IC  components, 
window  etching  in  ICs  for  failure  analysis,  epitactic  and  galvanic  exj>enmeiit.s.  Main  phenomenon 
restricting  a  resolution  of  e-beam  lithograpliy  is  so  called  proximity  effect  when  backscattered 
electrons  expose  places  far  fiom  inlet  point  of  c-beam.  First  attempts  to  coiTcct  proximity  effect 
were  made  more  than  fifteen  years  ago  [1-6],  Many  studies  have  been  done  in  lliis  field,  suggest¬ 
ing  different  correction  methods.  But  no  raetliod  allows  to  calculate  a  guaranteed  fina’  accuracy 
especially  by  taking  into  account  the  process  of  resist  development,  except  the  method  of  "simple 
compensation"  which  was  introduced  by  Aristov  ct  al  [5,6], 

Tod.iy,  there  is  an  increasing  demand  for  production  of  real  there-dimensional  (3D)  ;  imctures, 
such  as  blazed  gratings,  Fresnel  lenses,  diftractive  optical  clement.s,  computer  geneialod  holo¬ 
grams,  lens  arrays,  etc.  [9-12]  For  these  the  total  area  has  to  be  exposed  with  a  continuously  vari¬ 
able  dose,  which  of  course  needs  proximity  correction  as  well.  Tnis  was  not  avuilable  up  to  now. 
All  established  for  proximity  correction  beginning  from  the  first  ones  [1-4]  up  to  recent  work 
[13,14]  aim  to  correct  two-dimensional  structures.  Tyjtical  sizes  of  tlie  optical  elements  men¬ 
tioned  above  arc  in  the  range  lOOnni-lOum:  therefore  the  proximity  effect  coirection  is  a  cnjcial 
point  for  the  whole  design  and  technological  procedure. 

This  paper  describes  models  of  exposure  and  development,  metliod  of  proximity  coirection 
(including  3D  proximity  correction)  and  its  accuracy.  All  this  is  a  base  of  software  package 
PROXY  which  enables  any  scanning  electron  microscope  (SEM)  to  perform  as  an  electron  litho- 
graph 


EXPOSURE  AND  DEVELOPMENT  MODELS. 

Absorbed  dose  distribution  DO),  r=(x,y,z),  in  the  re.s'st  depends  linearly  on  exposure  dose 
T(x,y).  For  correction  it  is  generally  assumed  that  Dis  independent  on  re.sist  depth  r  [1]  ,  which 
leads  to 

D(x,y)  1  r 

J  /  r X  -  X',  y  -  fjdx'dy' 

^0  'C 


Do  and  To  are  absorption  and  exposure  sersitivitics  of  a  resist  respectively.  Tlie  proximity  function 
l(p},  p-(x,y),  IS  written  as  a  sum  of  two  Gaussians 


l(p)  = 


hip)  12[P)_ 

(l-rtj)  '^(1  +  ri) 


_ 1 _ 
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wliich  are  interpreted  as  contributions  of  primary  beam,  h(p),  and  backscattered  electrons,  l2(p), 
Here  /.  I,  and  I 2  are  normalized  on  unity.  The  primary  beam  is  concentrated  in  tne  area  of  radius  a 
and  the  backscattered  one  in  tlie  area  of  radius  p,  with  a«p.  Factor  11  characterizes  Ute  contribu¬ 
tion  of  backscattered  electrons  to  the  exposure  in  a  large  area,  a  and  3  are  the  characteristic 
lengths  of  the  expo‘nire  process. 

Considering  first  the  backscattering  effect  only  (described  by  P  and  ti),  it  is  possible  (according 
to  the  arguments  of  [6])  to  substitv  .  the  first  Gaussian  by  5-fection.  As  a  result  the  method  of 
"simple  compensation"  for  exposure  T  in  point  (x  y)  may  be  writ:en  (in  equivalent  to  [5,6]  form) 
T{x,y)-={\^ri)D{x,y)-i]\dx'(fy%{x-x',y-y')D{x\y') 

Here  the  nose  distribution  D(x,y)  is  defined  as  D{x,y)==Do=100%  inside  str’cture  <2  and  zero 
outside.  Pay  attention  tliat  only  the  second  Gaussian,  I2,  corresponding  to  backscattered  electrons 
is  used.  In  the  formula  exposures  T  mi  D  are  measured  in  percents  witli  To  and  Do  equal  to 
100%,  It  was  proved  [14]  that  guaranteed  accuracy  of  “simple  compensation”  determined  by 
beam  si>ot  is  about  40%  of  the  beam  radius. 

3D-S1MULATION  OF  THE  DEVELOPMENT  . 

Liquid  development  of  positive  resists  is  adequately  described  by  the  model  of  isotropic  local 
etching  [2,7,8]  which  assumes  that  the  velocity  of  resist  boundaiy  movement  is  inuepeudent  of  the 
boundary  ibrm  (locality  of  etching)  and  the  direction  of  the  boundary  (isotropy  of  etching),  but 
defined  only  by  development  rate  V  at  the  point  which  the  boundary  parses  through  at  a  given 
moment.  Development  rate  V,  in  turn,  is  defined  by  absorbed  dose  distribution  £>  and  the  dose 
characteristic  of  the  resist  written  as  [2] 


VA'here  y  is  the  contrast  of  positive  resist.  A  numerical  method  for  development  simulatioa  is  espe¬ 
cially  fast  and  effective  for  2D  case  [7,8]. 

REALIZATION  AND  EXAMPLES  (2D  ErraOGRAPHY)  ^  ^ 

Tlie  procedures  of  proximity  correction  and  development  simulation  comprise  a  kernel  of  a 
software  package  PROXY,  Besides  this  it  contains  an  effective  tool  for  design  of  structures  Mid 
additional  option  allowing  to  control  exposure  by  SEM  via  a  special  hardware  caUed  pattern  gen¬ 
erator. 

In  comparison  to  production  beam  lithography  machines,  the  PROXY-SEM  combmation  of¬ 
fers  more  flexibility  in  operation,  more  capabilities  with  respect  to  nandlithography,  experimMital 
electron  beam  lithography  at  a  small  fraction  of  the  cost  of  currently  available  instrumentation. 
PROXY  cannot  be  used  as  an  IC  production  machine,  however,  PROXY  offers  much  in  fields  of 
beam  lithography  research  and  development,  especially  since  ft  is  not  limited  to  SElVTs  only,  but 

to  any  other  scanning  system.  >  •  /c- 

The  first  example  is  a  structure  which  is  not  occasionally  looks  like  a  field  transistor  (Fig.l) 
where  parts  A  and  C  simulate  a  source  and  a  drain,  B  is  a  gate,  parts  D  and  E  are  vvires  situated 
paitly  far  from  and  partly  very  close  to  large  pads.  The  original  structure  was  desiped  by 
PROXY  graphical  editor,  the  gate  B  and  two  slots  between  gate  and  parts  A,  B  were  designed  as 
200um.  Consider  a  situation  when  each  point  of  the  structure  is  exposed  with  ejqiosurc  dose  T 
equal  to  15U%,  Development  simulation  shows  that  due  to  proximity  effect  it  is  not  possible  to 
obtain  the  structure  by  uniform  exposuie.  A  gate  area  is  overexposed  whereas  area  D  with  single 
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Fig.l.  A  test  stmcture  simulates  field  transistor  Fig.2.  According  to  “simple  compensation’ 
with  0.2um  gate  (B),  D  simulates  a  single  wire.  (PROXY)  different  areas  of  the  structure 


should  be  exposed  with  different  time  to  obtain 


Fig.3a.  Uniform  exposure  does  not  allov/  one  to 
produce  the  strucutre  as  predicted  by 
development  simulation.  The  gate  B  and  the 
single  wire  D  are  lost. 


Fig  4.  A  part  of  a  structure  designed  and 
created  for  investigation  of  single  electron 
transport.  Due  to  proximity  effect  th..  structure 
can  no  be  obtained  without  correction 


Fig. 3b.  E-beam  lithography  with  exposure 
according  to  “simple  compensation"  allows  one 
to  create  the  designed  structure  witlt  submicron 
features 


Fig. 5.  A  part  of  a  grid  on  Si  produced  for 
investigation  of  superconducting  transition 
under  magnetic  field  Proximity  correction  is 
necessan'  to  realize  cel!  size  comparable  to 


coliercni  length  of  electron  in  Al. 
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standing  wire  is  underexposed.  Fig.2  shows  distribution  of  exposure  time  according  to  “simple 
compensation”  generated  by  PROXY  and  simulation  data  predicts  promising  result.  We  carried 
out  special  erqmriments  to  check  correction  and  simulation.  We  used  JSM-84()  as  a  lithograph 
under  PROXY  control  for  exposure  the  structures  without  correction  (Fig.3a)  and  according  to 
proximity  corrected  data  (Fig.3b).  E-beara  exposure  and  development  of  positive  resist  were  fol¬ 
lowed  by  tliin  metal  deposition  and  “lift  off”  operation  so  li^t  image  is  A1  layer.  Comparison  of 
simulated  pictures  with  experimental  ones  show  beautiful  coincidence  which  confirms  physical 
models  of  exposure  and  dex^elopment,  numerical  algorithms  and  procedures  implemented  in 
Pr  OXV' and  correct  operation  of  the  system  at  whole. 

More  practical  structure.?  are  shown  on  Fig.^  (the  structure  was  created  for  experiments  with 
single  electron  transport  and  demonstrates  nanometer  features  near  large  electrodes)  and  on  Fig.5 

which  could  not  be  produced  without  proximity  correction. 

3D  PROXIMnY  CORRECTION 

The  method  of  “simple  compensation”  introduced  by  in  [5,6]  has  been  developed  as  a  very 
powei-fiil  tool  for  correction  and  simulation  of  proximity  effects  [14-16]  wdiich  led  to  the  widely  ; 

used  software  package  PROXY.  ^  ^  i  •  i 

'Ve  extended  this  munerical  calculation  method  for  3D  correction  [17,18]  where  a  required 
(designed)  absorbed  dose  D  is  assigned  to  each  element  of  the  exposed  structure.  Proximity  3D 
correction  then  leads  to  an  exposure  dose  distribution  T  allowing  us  to  produce  the  required  ab¬ 
sorbed  dose  at  all  places.  The  “3D  conection”  looks  very  siaular  to  the  “^ple  compensation” 
and  consists  of  sequential  steps.  The  3D  coitection  establishes  that  tiie  dose  is  not  constant  inside 
the  -ructure  but  is  actualiy  spatially  distributed  according  to  D{3c,v;.  result  now  it  is  possflile 

to  produce  designed  relief  what  w'ecaB  3D  lithography.  :  . 

in  practice  we  proceeded  as  follow/s.  Using  a  graphical  eaor,  a  stepwi^  Tfe{H(x,y)  is  de¬ 
signed.  Then  the  reqiured  absorbed  do&6D(x,y)  was  calculated  just  by  considering  the  resist  con-  , 
trast.  After  that  a  corrected  exposure  time  T(x,y)  was  calculated. 

T‘(x,y)  =  (1  +  vWx^y)  “  <^'dy% {X - x',y-y')D{x\y') 

We  used  such  a  procedure  in  iteration: 

T^^'‘{x,y)  -  (l  -!->7)D(x:,>0-  -  x',y-y')7’*(x',y') 

Fivo  to  ten  iterations  are  sufScient  to  obtab  a  self-consistbit  exposure  time  distribution  T{x,y).  . 

It  demonstrates  nomrivial  changes  b  comparison  with  the  naive  noacoweeted  distribution  pro-  , 
poitionsl  to  D(x.y).  According  to  PROXY  procedures  ii  continuous  dose  distributioa  i$  approxi-  : 
mated  at  the  end  by  a  stepw'ise  function  wiih  a  predefined  number  of  stqis.  As  a  result,  a  structure 
consisting  of  a  vsricry  of  elements  (polygons)  Qi  with  assigned  exposure  dose  T,  automatically 
appears.  -  ^  ‘  ” 

TECHNOLOGY  SlTiPS,  3D  DOE  EXAMPLES,  AND  TESTING 

After  exposure  and  development  we  bbtabed  as  examples  stairs,  Hnear  and  cirailar  zone  plates 
with  good  reproduction  of  the  designed  structure  with  up  to  ten  height  levels  in  PMMA  resist  of 
micron  thickness  on  tlic  Si  water  [1 7,18].  We  estimate  accuracy  of  pattern  and  reUef  transfer  op-  'j 
erations  as  50nm  b  both  the  lateral  and  vertical  directions.  The  method  allows  us  to  Create  lenses 
with  high  numerical  aperture  up  to  NA-0.5.  Results  of  optica!  testing  of  the  created  lenses  ■ 
sliowed  a  focus  .spot  about  5umb  diameter  with  good  efficiency  Aprototype  of  a  lens  for  practi¬ 
cal  application  ispreseniedb  [18J.  >,  ■:  V 
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Fig. 6a.  A  designed  (desirable)  image  contains  Fig.6d.  .An  image  of  corresponding  to  the  4- 


Fig.  6b.  A  phase  distribution  (4  levels)  of  phase  Fig.6e.  An  AFM  image  of  a  relief  of 
DOE  to  produce  the  image  cf  Fig.3a.  transparent  polymer  DOE  after  copiyng  fiom 


metel  replica. 
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n-ic  created  flat  lens  is  an  example  of  the  simplest  diffractive  optical  elements  (DOE)  which 
transfers  parallel  light  (laser)  beam  in  a  point.  Below  we  present  design  and  creation  of  much 
more  complicated  DDEs.  Fig.6a  shows  a  desirable  image  wliich  should  be  formed  by  DOE.  Fig. 6b 
dcmonsti  ates  a  distribution  of  4-level  phase  shift  which  should  be  provide  by  DOE  to  obtain  the 
image  of  Fig.6a.  A  refractive  coefficient  allows  one  to  transfer  fiom  phase  shift  to  thickness  dis- 
tnbvition  and  then  to  absorbed  dose  D.  Data  preparing  tor  exposure  after  3D  correction  comprise 
a  large  set  (about  lO"’  elements)  of  polygons  with  assigned  exposure  time  to  each  of  them  Fig.6c 
demonstrates  a  part  of  the  DOE.  It  clearly  shows  designed  four  levels.  And  finally  Fig.6d  shows 
image  produce  by  the  four  level  DOE  of  Fig. 6b.  One  can  consider  the  DOE  as  prototype  of  a 

passive  beam  splitter  for  optoelectronics  applications.  ^  •  r  i 

Using  the  procedures  we  created  a  DOE  Fig.Va  which  gives  tens  focuses  in  two  different  focal 
planes  Fig.7b  and  Fig.7c.  Another  example  includes  a  DOE  with  real  and  imagiuary  images  and 

will  be  demonstrated  during  oral  presentation. 
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STM-stimulated  chemical  modifying  of  the  alpha-C:H  film 
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Chemical  reactions  between  an  adso.  bate  and  alpha-C:H  film  simulated  by  electiic  field  of 
an  STM  tip  were  studied.  The  film  was  modeled  by  a  supercluster  containing  207  atoms  and 
consisting  of  subclusters  of  sp2-  and  ipS-components  according  to  the  Robertson  model  [  1  ] .  Carbon 
tetrachloride  (CT)  and  trichloroethylene  (TCE)  were  considered  as  adsorbates.  Electric  field  was 
configurated  in  sharp-tip  and  blunt-tip  modes  through  corresponding  sets  of  point  charges.  A 
quantum  chemical  software  DYQUAFIELD  [2]  exploiting  semiempirical  method  AMI  was  used. 
A  chemical  reaction,  caused  a  tight  bonding  of  both  adsorbate  molecules  with  the  film  surface 
throughout  a  formation  of  grafted  radical,  and  stimulated  by  electric  field  was  observed  on  the 
diamond  component  of  the  film.  The  reaction  is  threshold  and  occurs  at  negative  bias  on  the 
surface.  When  the  bias  exceeds  a  threshold  by  1.5  time,  the  reaction  is  terminated.  A  graft 
polymerization  of  the  CT  molecules  under  the  tip  resulting  in  formation  of  nano-size  hills  observed 
experimentally  is  highlighted  [3].  - 
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l  emtosecond  laser  pulse  nanohtography  using  STM  tip 
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The  nanolithography  technique  is  proposed  and  realized  experementally  using  the  local  field  of  fem¬ 
tosecond  la.ser  pulses  enhanced  in  a  submicron  region  due  to  lighting  rod  effect  or  to  the  excitalioit  ol  local 
resonances  in  STM  tip— substrate  system.  Surface  topography  mtalysis  in  STM  mode  demonstrates  the 
controlled  surface  modification  in  a  suitable  regime  of  intensity  parameters  and  femtosecond  laser  pulses 
focusing  in  the  STM  tip  region. 

The  problems  of  creation  of  nanostructures,  ultrahigh  density  recording  of  information,  in¬ 
vestigation' and  recording  of  ultrafa.st  proce.sses  in  nanosti'uctures  as  well  as  finding  of  suitable 
materials  and  techniques  for  these  purposes  belong  to  the  most  actual  basic  and  applied  problems 
in  semiconductor  nanostructures  physics.  ^  ,  .  .  ;  ■ 

Nanolocal  research  of  influence  of  ultrashort  laser  pulses  on  the  solid  state  surface  is  of  interest 
from  this  point  of  view  [I].  We  used  here  the  proposal. [1]  of  using  local  electromagnetic  fields 
enhanced  in  submicron  region  near  STM  tip  due  to  the  lighting  rod  effect  or  the  excitation  of  local 
resonances  (see,  e.q.[:’  1)  in  small  regions  of  the  STM  tip  -  substrate  system  for  nanolithography  a.nd 
nanolocal  researcli  of  ultrafast  processes  [1].  Using  of  ultrashort  laser  pulses  for  nanolocal  studies 
has  the  following  advantages.  Femtosecond  laser  radiation  allows  to  create  non-stationary  states 
of  sample,  which  may  lead  to  new  nan-thermal  mechanisms  of  inst  ability  and  photoinduced  phpe 
transitions  on  the  surface.  One  of  the  phenornena  of  this  kind  is  a  specific  fenntosecond  meltinjg 
of  solids  (another  example  is  appearance  of  the  photoinduced  by  femtosecond  laser  irradiation 
quasi-one-dimensional  surface  relief  with  period  ~  1000  A  see  [1]  and  Refs,  herein).  More¬ 
over,  "".'.mtosecond  radiatior  allows  realization  of  peak  surerstxong  fields  without  non-conti-olled 
destruetkri  of  the  sample.  .,  ^ 

The  surface  of  the  .sample  was  irradiated  by  femto.second  laser  radiation  focused  in  the  region 
of  STM  tunnel  junction.  The  radiation  of  Tl:Sa  laser  with  wavelengths  812  and  406  nm,  pulse 
duratio.'i  40—45  fs  and  repetition  rate  82  MHz  was  usecc  The  radiation  power  H  was  changed 
by  means  of  light  filters  with  different  transmittance  up  to  the  maximal  power  80-100  mW  on  ' 
wavelength  812  nm.  Tlie  maximal  power  of  2nd  harmonics  (406  nm)  was  5-7  mW.  'fhe  diameter 
of  light  spot  on  the  surface  was  about  1  mrn.  TTie  dependence  of  radiation  effects  on  expo.sition 
time  was  also  investigated  in  wide  range  of  exposition  times.  The  angle  of  incidence  of  laser 
light  was  limited  by  the  construction  of  the  setup:  t?  >  76°.  The  pyrblithic  graphite  as  a  sample 

was  used.  ■ 

We  inve.sti gated  the  possibility  of  nanblocal  laser  pulse  induced  modification  of  the  sample 
surface  in  ibe  region  nearly  the  STM  tip.  At  the  beginning  we  obtained  the  several  initial  images  of 
surf:ice  by  STM.  reproducibility  of  images  was  chec'  ;ed  and  a  lateral  drift  was  estimated.  Then  We 
“draw’'  by  laser  pulses  nearly  STM  tip  one  of  the  figures:  point,  line  or  X-!ike  “letter”  by  means 
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of  positioning  STM  tip  in  appropriate  points  and  switching  on  the  laser  light.  So  the  lines  w'ere 
drawn  as  a  set  of  separate  points.  After  laser  pulse  exposition  of  STM  tip  we  take  a  duplicate  scan 
of  affected  region  to  find  photoinduced  surface  changes. 

Laser  irradiation  effect  on  STM  response  the  continuous  scanning  process  in  STM  was 

also  studied.  At  first  we  take  the  initial  scan,  then  we  take  the  duplicate  scan  of  the  same  region 
when  the  laser  light  of  different  intensities  illuminated  the  tunnel  junction.  After  that  we  take 
another  scan  without  laser  irradiation. 

Tire  experiments  revealed  the  following  effects: 

(1)  The  appearance  of  X-like  structure  after  drawing  the  letter  “X”  by  the  local  laser  field  neai  ly 
STM  tip  by  means  of  positioning  STM  tip  in  appropriate  points  and  exposition  by  the  laser  pulses 
with  power  6.8-8.5  mW.  The  whole  size  of -long-life  X-like  structure  was  2U00  xHOUO  A  witli  line 
thickness  of  the  order  ~10C)0  A  and  15  A  depth. 

(2)  The  appearance  of  short-lifetime  groo\  e  with  200  A  width  and  50  A  depth  due  to  writing 
by  the  tip  and  simultaneous  femtosecond  laser  irrradiation  with  pow'er  6.8-8.5  mW.  It  .should  be 
noticed  also  that  the  groove  has  continuous  form  unstead  of  con.sisting  of  the  sequence  ot  points. 
It  is  possible  this  feature  is  due  to  a  neglegible  change  of  value  of  the  local  elecU'omagnetic  field 
on  the  surface  due  to  the  small  tip  displacement. 

The  appearance  of  long-lifetime  structure  after  the  nanoloca!  affecting  of  femtosecond  laser 
radiation  demonstrates  promising  of  nanolithography  method  discussed  in  the  paper.  It  could  be 
intresting  to  study  the  direct  influence  of  laser  radiation  on  the  STM  tip,  tunneling  and  photoemission 
from  the  tip.  The  field  enhanced  in  a  local  region  near  STM  tip  can  be  also  used  for  tlte  purposes 
of  conlrolling  of  nanolocal  chemical  reactions  provided  by  special  STM  tip  [3]  and  also  for  the 
stimulation  of  nanolocal  photochemical  reactions  [I]. 

The  work  was  supported  by  grants  of  Program  “Physics  of  Solid  Nanostructures”,  Russian  Foun¬ 
dation  of  Basic  Research  and  CRDF  RP2-156. 
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Quantized  conductance  in  a  quantum  point  contact  (QPC)  attracted  strong  interest 
after  its  discovery  in  1988  [1,2J.  Because  of  a  small  size  of  the  channel,  of  the  order  of  the 
f  crtrii  wavelength  of  an  electron  in  a  two-dimensional  electron  gas  (2DEG),  a  quantization 
of  conductance  in  units  of  2e^/h  can  be  observed.  Most  of  the  approaches  use  the 
electrostatic  definition  of  a  QPC  in  GaAs/AlGaAs  modulation-doped  heterostructures 
[  1,'^,4].  Lateral  co  .ifinement  in  a  2DEG  can  also  be  realized  by  a  geometrical  definition  of 
the  channel  by  high-resolution  lithography  and  etching.  Epitaxial  regrowth  of  etched-out 
QPC  would  reduce  scattering  of  electrons  at  the  etched  interface,  producing  a  high-quality 
one-dimensional  channel.  _  j 

It:  this  paper  we  demonstrate  fabricr'lon  of  a  QPC  as  small  as  50  nm  m  width  and  a 
quantized  conductance  in  a  90  nm  regrown  InP/Gao.25ln0.75As  QPC  at  10  K  and  above. 
The  InP/GaIn  As  structure  used  in  the  present  study  is  a  mouulation  doped  2DEG  system, 
with  a  mobility  of  400  000  cm^A'^s.  The  structure  was  grown  by  metal  organic  vapor 
phase  epitaxy  (MOVPE)  at  a  oressurc  of  50  mbar  and  a  temperature  of  bOO'^C.  The  shee. 
electron  concentration,  as  measured  by  Hall  effect  at  liquid  helium  temperature,  was  about 
5*  lOl  1  ciir^.  Distance  between  the  2DEG  and  the  surface  was  kept  h'w,  about  50  nm,  to 
make  etching  easier. 

The  Hall  bar  mesa  was  made  by  optical  lithography  and  wet  etching.  The  QPC  was 
formed  on  top  of  the  and  defined  using  e-benro  iilhography  at  35  kV  and  wet  etching 
in  HC):CH3C00H:H202  at  15  °C.  950K  PMMA  was  used  as  an  etch  mask  and  the 
etching  depth  was  about  80  nm.  Due  to  the  proximity  effect  in  c-beam  lithography,  a  100 
nm  thick  PMMA  mask  has  only  a  limited  stability  during  wet  etching.  Thc^  observed 
degradation  of  the  PMMA  masking  properties  is  known  to  bo  due  to  increased  porosity. 
The  pores  of  order  of  1  nm  in  size  are  formed  due  to  release  of  volatilc  products  of  the 
riam  chain  scission  anr)"  appearance  of  excess  free  volunie  in  the  polymer  film.  This  results  :  , 
in  cvcrc  mask  erosion  and  u  decrease  of  the  2DEG  mobility  due  to  removal  of  the  top  cap 
layer.  As  a  result,  tlie  smallest  conducting  QPC  we  niaaagcd  to  produce,  was  about  90  nm 
in  width,  see  atomic  force  microscope  (AFM)  image  m  Fig.  L-  .V.,, 

We  found,  tiiat  baking  of  PMMA  above  glass  transition  temperature  (Tg=105  C) 
prior  to  etching  results  in  a  significant  improvement  of  its  masking  ability,  making  it  - 
possible  to  picduce  QPCs  as  small  as  50  nm  in  width.  Since  baking  of  PMMA  results  in 
widening  of  the  mask,  we  performed  a  series  of  baking  treatments  at  different  tempefature  , 
of  a  te-st  QPC-like  structure  and  monitored  widening  of  the  mask  after  baking.  It  was 
found  that  the  best  baking  temperature  is  between  1 10  and  130  ‘’C  for  30  min  at  a  hot  plate. 

To  evaluate  the  masking  properties  of  PMMA  in  HG1:CH3COOH:H202  etching  solution 
as  a  function  of  the  exjiosure  dose,  we  made  a  number  of  InP;/GaInAs  samples  exposed  , 
with  doses  from  70  to  375  jiC/cm^.  After  a  post-development  baking  at  110,  120  or  130 
*'C  for  30  min,  the  samples  were  etched  for  7  si  Etch  depth  in  InP  was  measured  by  an 
A1^4  and  plotted  vs.  exposure  dose  for  the  reference  (unbaked)  sample  and  the  sample,  ’ 
bakfed  at  130  "C,  Fig.  2.  The  scanning  electron  microscope  (S EM)  images  revealed 
formation  of  holes  in  InP/GalnAs  at  «1004lC/cm2  for  the  unbaked  sample,  indicating 
prcsc.ticc  of  pores  in  PMMA.  A  shift  to  higher  dese  for  the  baked  resist  indicates  its  better 
ma-sldug  ability  compared  to  die  refercnee  sample.  ,, 
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Assuming  a  contribution  from  the  back-scattered  electrons  of  about  0.8-1  o^hat  of 
the  forward-scattered  dose  [5],  one  c-an  estimate  the  dose  in  the  QPC  mask  as  40-50  %  of 
forward-scattered  one.  According  to  Fig.  2  it  corresponds  to  a  dose  of  100-130  ^C^cjn  . 
It  is  obvious  from  the  figure  ‘hat  the  baked  PMMA  is  a  factor  of  2  more  stable  in  this  dose 

range  as  compared  to  the  reference  one.  „  ,  .  ,  j 

Study  of  InP/GalnAs  etching  in  HCl:CH3COOH:H202  solution  showed  that 
orientation  of  the  QPC  channel  along  [1-10]  direction  results  in  etching  profile  which 
forms  =130°  angle  between  sidewalls  and  the  surface.  As  a  result,  decrease  or  [1-10 j 
channel  width  below  90  nm  is  not  possible  without  thinning  InP  cap  layer.  On  the 
contrary,  [110]  orientation  allows  formation  of  almost  vertical  sidew^ls,  but  we  found 
that  QPCs  in  tliis  orientation  are  more  sensitive  to  bakmg  temperature  For  example  oiriy 
bakin"  at  130  °C  results  in  formation  of  a  60  am  wide  channel  (Fig.  3),  1 10  and  120  C 
are  nol  sufficient  ‘o  create  stable  PMMA  mask.  Slight  increase  of  exposure  dose  leads  to 

even  narrow  channel,  about  50  nm  in  width.  ,  i 

The  [I-IO]  90  nm  and  [110]  60  nm  QPC  structures  were  regrown  by  low  pressure 
MOVPE  with  undoped  InP.  MOVPE  regrowth  showed  good  surface  morphology  of  the 
regrown  structure^  as  observed  by  AFM  and  SEM.  The  QPC  stmetures  were 
characterized  by  transport  measurements,  using  a  top  gating  technique  to  contiol  the 
electron  concentration  in  the  QPC.  Typical  resistance  of  the  as-etched  wire  was  100 
kOhm,  which  suggest  that  the  electric  width  is  smaller  than  90  nm.  It  can  readily  be 
explained  by  depletion  at  the  edge  of  the  QPC  channel.  After  regrowth  with  Ini  ^le  QPCs 
showed  an  overall  lower  resistance  than  before,  indicating  ^ 

Fig.  4  shows  a  measurement  of  the  quantized  conductance  of  a  InP/GalnAs  QPC  at  lOK 
after  MOVPE  regrowth  by  100  nm  undoped  InP.  Details  of  the  QPC  transport 

measurements  are  published  in  [6].  ,  .  •  xtud  'T'tjt?  KTimPTf 
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1  Abstract 

One  promising  possibility  to  construct  quan¬ 
tum  effect  devices  is  the  manipulation  of 
nanometer-sized  particlas  using  the  tip  of  a 
scanning  tunneling  microscope  (STM)  for  the 
step-by-step  synthesis  of  structmes  exhibit¬ 
ing  the  desired  electronic  characteristics.  The 
inert  gas  technique  allows  the  preparation 
and  the  soft  deposition  of  Ag  nanoparticles 
On  an  atomically  flat  Si(lll):H  surface.  It 
is  shown  that  the  particles  can  be  visualized 
and  actually  be  manipulated  with  the  STM. 
■Finally,  larger  compact  structures  can  be  fab¬ 
ricated  by  increasing  the  tunneling  parame¬ 
ters,  resiilting  in  a  sintering  or  even  a  fusion 
process. 

2  Introduction 

Devices  in  which  the  quantmn  nature  of  the 
electronic  charge  can  be  observed  have  to  be 
built  up  from  small  structxires  so  that  the  ftm- 
damental  charging  energy  E  =  e^/2C,  char¬ 
acteristic  for  the  development  of  the  Coulomb 
blockade  effect,  is  large  compared  to  the  ther¬ 
mal  background  noise  [l],  [2].  In  view  of 
the  fabrication  of  devices  such  as  the  sin¬ 
gle  electron  transistor,  different  technologies 
are  iised  to  achieve  a  drastic  reduction  in 

5-niaiI;  niisdi®’physik.tu-muenclien.de 


the  dimensions  of  the  structures.  For  in¬ 
stance,  electron  beam  lithography  represents 
a  promising  technique  in  creating  nanornetei  - 
scale  structures. 

Other  groups  are  succ^essful  in  oxidizing 
very  thin  metallic  films  gi'own  on  glassy  sub¬ 
strates  with  the  atomic  force  microscope  or 
the  STM  [3).  In  contrast  we  focus  on  a  dif¬ 
ferent  approach  to  fabricate  functional  struc¬ 
tures. 

Nanometer-sized  metallic  particles  are  pro¬ 
duced  by  evaporating  a  substance  in  t.lic  jn  es- 
ence  of  an  inert  gas  and  subsequently  dtv 
posited  on  a  fiat  Si(lH):H  surface  [2].  Upon 
carefully  controlling  the  evaporation  paranns 
ters,  this  method  delivers  particles  with  sizes 
between  1  and  20  nm  and  substrate  coverages 
ranging  from  widely  separated  individuals  up 
to  a  complete  granular  film. 

It  is  showm  that  the  particles  (7ui  deliboj  - 
ately  be  displaced  with  the  STM  tip  to  pre¬ 
selected  locations.  Upon  applying  higher  cur¬ 
rent  vahics,  a  sintering  or  ripening  process  is 
indneed  which,  at  very  high,  currents,  results 
in  a  complete  fusion  of  several  neighl)orii!g 
particles,  forming  a  compact  .strucluie  that 
strongly  adheres  to  the  substrate.  All  j)arti- 
cles  that  do  not  take  part  in  the  fu.sion  procc.is.'^ 
can  <X)mpletely  bo  removed  with  tho  S'l'M  tiji, 
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3  Experiment 

The  chemical  preparation  procedure  to 
achieve  an  atomically  flat  Si(ni)  surface  is 
described  elsewhere  [4].  In  order  to  unequiv¬ 
ocally  distinct  the  particles  from  the  surface 
structure  of  the  carrier  material,  its  rough¬ 
ness  has  to  be  much  smaller  than  the  typical 
parti(de  size.  The  atomic  step-terrace  pat- 
toi  n  of  the  Si  substrate  can  clearly  be  seen  in 
fig.  1  and  4.  The  72-nm-\vide  terraces  result 
from  a  0.25°  iniscut  of  the  wafer  off  the  exact 
[111]  direction;  the  bilayer  steps  are  0.31  nm 
in  height. 

Tlie  nanometer-sized  particles  are  pro- 
rluced  by  an  inert  gas  evaporation  technique 
pioneered  by  Pfund  in  the  1930’s  [5|.  Ag  is 
evaiiorated  in  a  W  boa^^  in  the  pr(.:sence  of  a 
He  atmosphere  of  0.4  -  2  mbar.  The  evapo¬ 
rating  Ag  atoms  convey  their  energy  by  col¬ 
lisions  with  the  Ke  atoms.  Thus,  the  vapor 
forms  an  over.saturated  state  and  condensates 
into  nanometer-sized  particles,  while  the  Si 
sample  is  held  in  the  particle  stream.  Upon 
varying  the  exposure  time,  the  coverage  den¬ 
sity  can  be  controlled  in  a  wide  range.  The 
partif  Ic  size  can  be  adjtisted  via  the  He  gas 
pressure,  the  evaporation  rate,  and  the  dis¬ 
tance  between  evaporation  source  and  sam- 
phi.  The  transfer  between  the  preparation 
chainb(T  and  the  STM  recipient  occurs  un¬ 
der  high-vacuum  conditions,  after  pumping 
off  the  He. 

4  Results 

Keeping  tlur  {>artie]c  density  on  the  substrat  e 
fpiite  Ir.w,  distinct.  particlc.s  can  bo  identi- 
lied  with  tli('  STM.  Only  for  voltages  of  ap¬ 


proximately  3  V  and  currents  in  the  range  of 
100  pA,  the  interaction  between  particle  and 
tip  is  sufficiently  low.  If  the  current  is  cho¬ 
sen  too  high,  the  particles  will  be  displaced 
while  scanning.  Detailed  experimental  analy¬ 
sis  revealed  that  particles  which  are  attached 
to  surface  inhomogeneities,  e.g.  atomic  steps, 
remain  much  more  stable  compared  to  those 
resting  on  the  flat  part  of  a  terrace.  Assum; 
ing  that  the  particles  are  spherical  in  shape, 
we  inferred  sizes  of  2-  10  nm  solely  by  mea- 
siming  the  height  of  the  particles  in  STM  im¬ 
ages.  A  convolution  effect  between  the  final 
tip  geometry  and  the  real  particle  dimensions 
inevitably  leads  tc  a  broadened  illustration. 

'i'wo  approaches  in  manipulating  individ¬ 
ual  particles  turned  out  to  be  successful.  In 
the  so-called  lateral  manipulation  mode,  the 
tip  is  positioned  adjacent  to  a  selected  par¬ 
ticle  and  subsequently  lowered  by  increas¬ 
ing  the  tumiel  current.  By  moving  the  tip 
along  the  substrate  surface,  the  particle  can 
be  dragged  to  a  determined  location  (compa¬ 
rable  to  brushing  in  the  macroscopic  world). 
However,  this  technicinc  fails  if  the  substrate 
exliibits  prominent  surface  inhomogeneities. 
Consequently,  a  verticaKmanipnlation  tech¬ 
nique  allows  to  displace  i>articles  along  any 
desired  path,  independent  of  the  uaturr!  of 
the  substrate  surface.  Upon  positioning  the 
tip  above  a  particle  and  approaching  it  by 
iiKU-cfising  the  current  or  lowciiing  the  volt¬ 
age,  t,he  particle  couples  to  t:hc  tip  sufiiciontly 
st’"ong  to  l>e  removed  from  tlu;  snl)strate.  I'ol- 
lowing  the  tip  niovemeiil  at  usual  tip  li('ights 
to  a  pr('d('fin('d  lorafioii,  (be  clus(ei  can  b(' 
reiea.s<xl  and  i<  depe.sll ed  by  an  a'uia'.priale 
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voltago  pulse  of  ~  100  ns.  An  example  for  a 
well-controlled  particle  displacement  is  shown 
in  fig.  1. 


„ . . 
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Figure  1:  The  lower  Ag  particle  is  moved  from 
the  right-hand  side  (a)  to  the  left  (b),  being  in  a 
yerticah line  with  the  upper  particle.  The  step- 
terrace  structure  of  the  suljstrate  is  resolved. 

In  a  further  series  of  experiments,  the 
STM  is  operated  at  higher  tunneling  para¬ 
meters  (voltage,  current)  to  locally  manipu¬ 
late  a  granular  film  composed  of  individual 
Ag  nanoparticles.  Scanning  the  tip  wth  a 
speed  of  25  nra/s  at  a  voltage  of  10  V  and 
a  current  of  0.5  iiA  results  in  the  formation 
of  one-dimensional  structure;s,  as  displayed  in 
fig.  2.  In  that  case  we  expect  a  sintering 
process  while  a  neck  is  formed  between  neigh¬ 
boring  particles.  The  width  of  these  wh  e-like 
.  features  is  in  the  10  nm  range.  A  locally  in¬ 
creased  conductivity  is  assnmecl  to  be  respon- 
silrle  for  the,  a{)pi‘arancc  as  cle\'ations  in  the 
;  STM  image. 

Even  liighc'r  currents  can  be  achieved  by 
ajiplying  (short)  voltage  pu!se.s  between  tip 
and  sample  so  that  the  ('k'cfron  flow  is  di- 
r(!Cted  from  the  tip  towards  the  txirticles.  The 
duration  of  tlu'  pulsc-shas  to  l)e  much  shorter 
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Figure  2;  Two  linos  of  .sintered  Ag  nanoparti- 
cles.  The  tinewidth  amcunl.s  to  ~  20  nni  and 
they  are  450  nm  in  length.  The  image  size  is 
500  X  500  nm'^. 

than  the  response  time  of  our  fccdb;u  k  cir¬ 
cuit;  consequently,  the  distance  betwt’cu  tip 
and  the  granular  film  remains  constant,  with¬ 
out  disengaging  the  feedback  loop.  In  fig.  0, 
the  restilt  of  a  8.5  V  pulse  for  5  /us  is  d(?nion- 
strated.  The  current  during  the  pulse  \va.s  at 
the  limit  of  our  I-V  converter  of  150  iiA.  At 
the^e  exceedingly  high  energy  densit  ies,  the 
particles  fuse  and  form  a  35-nm-wide  feature 
in  the  upper  half  of  the  image.  Comparing 
the  volume  of  the  fused  particles  with  an  a\  ■ 
erage  spheric  volume  of  the  nanopart  icles  and 
assuming  mass  conservation  during  the  tran¬ 
sition  pro(;es.s,  a  filling  fa(tt.or  if  the  grantilaf 
film  of  ajjproximaiely  60%  (tan  be  caleulated. 

To  show  that  tht^c  fusttd  partick*s  form  a 
compad  strttetnre  that  roupk-s  strongly  to 
the  sub.strate.  the  STM  tip  is  usc'd  to  re¬ 
move  all  tlw-so  parti(de,s  which  did  not  take 
part  in  the  fusion  proev'-ss.  Tliis  is  demon¬ 
strated  in  fig.  4.  wh(>re  thr;  .same  fused  f<cature 
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Figure  3:  Fusion  of  sevP'''al  particles  by  applying 
a  voltage  pulse  of  8,5  V  for  5  /is.  The  image  size 
is  250  X  250  nm^. 

is  visible  as  in  fig.  3.  Evidently,  by  scanning 
the  tip  at  appropriate  tunnel  conditions  (e.g. 
slightly  higher  currents),  the  weakly  coupling 
particles  can  completely  be  removed,  and  the 
characteristic  structiu-e  of  the  underlying  stib- 
strate  emerges  again.  The  ’’wiped  oiit”  par¬ 
ticles  Irave  been  deposited  outside  the  field  of 
view. 

Based  on  the  experimental  findings,  a 
curront-indmxd  melting  of  the  nanoparticles 
is  quite  reasonable.  It  is  expected  that  our 
resuHs  rcily  upon  the  reduction  of  both  the 
melting  point  [6]  and  the  thermal  conductiv¬ 
ity  for  nanomcter-sizcxi  material.  In  our  case, 
a  lowering  of  the  melting  point  by  a  factor  of 
3  is  conceivable.  Furthermore,  computer  cal¬ 
culations  [7]  showed  that  the  surface  atomic 
layer  of  clusters  is  in  a  highly  mobile  state 
even  before  th(;  whole  cluster  melts.  This 
might  support,  our  interpretation  of  the  sin¬ 
tering  proc(“-;s. 

Summarizing,  the  combination  of  the  in¬ 
ert  gjLS  tf'cliiii'|U('  for  parl.iek;  fabrication  and 


Figure  4;  The  same  field  of  view  as  in  fig.  3  but 
after  the  removal  of  all  these  particles  that  did 
not  participate  in  the  fusion  process. 

the  tip  of  a  STM  is  excellently  suited  to  syn¬ 
thesize  single-electron  devices  from  individ¬ 
ual  building  blocks  and  to  .ccgmect  them  to 
the  outer  world  by  fornfipg  luo-skzed  wires 
via  sintqr-ing  .or  ifusiQU  of  sqlecired  particles. 
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Fabrication  of  the  selforganized  nanostructure  with  ion  and  neutral  beam  etching 

I.P.Soshnikov,  A.V.Lunev,  M.E.Gaevski,  L.G.Rotkina,  N.A.Bert 
A. F. Ioffe  Physfco-Technical  Institute,  194021  Polytechnicheska}>a,26  St.Petersburg,  Russia 

Introduction 

Recently  the  microelectronics  devices  fabricated  on  the  basis  of  the  topological 
structures  with  conic  or  point  elements  are  applied  widely.  The  traditional  method  of 
fonnation  of  the  structures  using  an  electron  beam  lithography,  a  chemical  or  ion  beam 
(plasma)  etching  has  some  disadvantages.  For  example,  the  chemical  etching  of  the  submicron 
elements  has  rather  low  reproducibility  of  the  geometry  profile.  It  is  clearly  displayed  in  the 
formation  of  relief  in  the  mesa  of  the  submicron  size.  The  electi'Oijc  lithography  and  the 
polishing  ion  etching  method  of  the  cone  formation  is  complicated  due  to  the  problem  with 
the  stability  of  the  masking  material  and  the  resolution.  What  is  more  important  the  prob’em 
of  the  compatibility  with  other  technological  operations  of  the  microelectronics  fabrication 

The  authors  offer  the  simple  and  reproducible  method  of  fabrication  of  tire 
submicron  structure  of  a  cone  ty-pe.  It  bases  on  the  formation  of  the  surface  relief  by  the 
neutral  projectiles  sputtering.  The  present  paper  rej'orts  tire  possibility  of  the  cone  relief 
fabrication  on  the  vvide  surface  and  in  the  narrow  submicron  mesa  by  tire  argon  neutral 
bombardment.  ;  '  / 

Experimental 

The  standard  InP  monocrystal  plates  as  PhlET  (PhlEO)  -3  were  used  as  samples. 
The  surface  orientation  of  the  samples  was  [100],  the  thickness  was  200-400-mkm,  and  the 
doping  was  about  n~2  *  10***  cm'^.  It  was  taken  care  that  the  received  result  is  practically 
independent  on  the  coftductivity  type  arid  the  doping  of  the  samples. 

%  sample.s  were  processed  in  chemical  etchants  using 

;  traditional  technology  for  the  cleaning  arid  the  removing  of  destructive  and  oxide  layers  [2]. 

The  sputtering  experiments  were  Carried  out  in  special  unit  fabricated  on  the  basis 
of  the  vacuum  post  VUP-5  (Slr\  "ELECTRON",  Surny),  The  accelerated  particle  source 
■  described  in  [3,4]  provides  the  argOn  neutral  beam  of  the  area  8-10-20  cm''  and  the  energy 
from  200  up  to  700  eV  and  the  flow  density  j-10*^  pari/ssc  ^  cm^. 

The  analysis  of  the  surface  relief  was  carried  out  by  SEM  on  Series  4-88  D  V  J  00 
(CAMSCAFty  arid  EM-420  (Philips)  devices.  ^ 

Results  and  Discussion 

An  example  of  SEM  image  of  the  typical  relief  formed  on  InP  with  Lhe  sputtering 
by  the  argon  neutralized  projectiles  is  showm  fig.  1.  It  consists  of  the  exact  cones  that  w’ill  be 
confirmed  elsewhere  [4,5].  The  cone  formation  on  InP  material  under  particle  bembardment 
occurs  spontaneously  without  any  microiithography.  The  formation  process  can  be  assigned  as 
self  organized  process. 

The  cones  received  in  otir  experiments  form  a  submierdri  quasi-regular  matrix  on 
the  whoie  sputtered  surface  provided  that  the  good  sample  surface  has  been  made.  Topology 
.  of  the  typical  structure  is  shown  on  the  fig.  2. 
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The  cone  characteristic  size  analysis  shows  that  the  angle  at  the  cone  top 
decreases  from  1 1^  to  T  when  the  particle  energy  growing  from  400  to  600  eV.  No  any  angle 
dependence  on  the  other  experimental  parameters  (e.g.  the  exposition,  the  flow  density,  the 
conductivity  type  and  the  doping  of  the  sample)  was  observed.  The  angle  size  experimental 

da^a  at  the  various  Ar  projectile  energies  is  shown  on  fig.  3. 

Tire  cone  density  has  been  determined  from  the  thickness  of  the  sputtered  layer  d 
(.see  fig.  4).  The  quasi-rcgular  matrixes  of  cones  has  the  period  from  50  to  1000  nm.  It  is 
interesting  that  the  of  surface  density  of  cones  increases  with  increase  of  the  inverse 
exposition  is  proportional  to  d’’.  The  cone  density  distribution  depends  on  the  quality  of  the 
sample  preparation,  namely,  in  the  case  of  the  sample  cleaned  with  chemical  etching  the 
distribution  dispersion  is  makes  no  more  than  3-5  %.  The  dispersion  increases  to  25-30  ^  for 
the  mechanically  polished  samples  with  disordered  layer  and  the  oxide. 


Fig.l.  STM  image  of  the  relief  formed  on  InP  by  tiie  argon  neutral  projectile 
sputtering  of  the  layer  with  thickness  about  3500  nm. 


a)nip  hi  isometry. 

big. 2.  STM  image  of  the  topoiog>  on  InP  in  3000  nm  window  after  sputiering  Iw 
tlic  lugon  iieuir.sl  pnijceiilcs  t'fihe  ia\er  with  tiuc)( neew  nm. 
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The  expeiiment  was  carried  out  in  the  round  window  of  3000  nm  diameter  and  in  the  strip 
lattice  with  the  440  nm  window  width.  The  photoresist  AZ  1350  and  PMMA  vere  used  as  a 
masking  covering  layers.  The  results  are  collected  on -fig.  2.  The  round  windows  of  tlie  dia¬ 
meter  of  3000  nm  were  received  by  the  optical  photolithography,  and  the  submicron  mesa  stri¬ 
pes  were  received  by  the  interference  lithogi'aphy.  The  etching  Ar  beam  energy  .was  500  eV. 

At  the  bottom  of  the  mesa  structO''e  the  fomiation  of  a  cone  relief  occurs 
according  to  the  result  ^or  the  planar  structure  etching.  The  mesa  interface  has  tlie  submicron 
modulation  due  to  the  condensation  from  the  cones.  The  modulation  amplitude  of  the  mesa 
interface  does  not  exceed  20  nm. 

V  e  estimate  the  described  metliod  resolution  that  the  given  topology  was  possible 
steadily.  The  cone  structures  were  formed  in  the  mesas  which  have  the  minimal  size  about  1 00 
nm. 

The  cone  structure  is  formed  under  the  pvoiectife  bombardment  of  the  InP  surface 
of  spontaneously  plasma  stability  from  the  spike  emitters  received  by  the  given  technolog>'. 

It  was  shown  that  tlie  surface  morphology  does  not  vary  witli  the  sputtering  in  the 
narrow  mesa  having  the  size  about  300-500  nm  and  more.  The  example  of  the  relief  formation 
is  given  on  fig.  5. 

The  peculiarities  of  the  relief  formation  with  the  layer  sputtering  were  studied.  In 
the  experiment  the  InP  layers  with  thickness  about  100-1000  nm  were  used  whici^  had  been 
made  by  the  meihod  of  the  magnetron,  deposition.  The  analysis  of  the  surface  moiihology 
shoxyed  that  the  received  relief  is  similar  to  the  sputtering  process  on  tlie  massive  targets.* 
Thus,  the  method  of  the  thin  films  sputtering  can  be  applied  for  the  fabrication  of  the 
topological  pattern.  The  topological  pattern  can  be  used  for  the  mask  to  get  the  dots  and  cones 
on  the  surfase  using  the  plasma  chemical  (or  ion  beam  chemical)  etching. 

Resume 

■  The  projectile  sputtering  is  shown  to  form  quasi-regular  matrixes  of  the  cone 
structures  with  the  fixed  distance  between  objects  in  the  range  from  50  to  1000  nm  and  tlie 
dispersion  about  3-5  %.  For  the  InP  monocrystals  and  films  received  by  the  magnetron 
deposition  the  processes  of  formation  of  the  spike  matrixes  have  identical  character. 


Fig.4.  Ilie  cone  density 
Fig.3.  The  cone  top  angle  dependence  on  the  thickness  of  the  sputtered 
dependence  Ar  projectile  energy.  layer  d  by  the  paiticle  energy  400  (-*-),  500 

(0),  600  (C)  eV. 
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a)  top;  b)  profile. 

Fig. 5.  SEM  image  of  the  topology  on  InP  in  440  nm  strip  window  after  sputtering 
by  the  argon  neutral  projectiles  of  the  layer  with  thikness  about  250  nm 


The  structures  are  self  organized  vvifiout  any  special  lithography,  and  are  made  in 
the  mesa  witli  the  minimal  size  about  100  nm. 

The  relief  obtained  can  be  used  for  the  fabrication  of  electronic  nanoscale  devices 
with  the  cone  topological  elements  and  for  the  multilayer  lithography  mask  formation.  It  can 
be  used  directly  as  the  working  element  (for  example,  as  the  spike  emitters  of  various  type  or 
(he  quantum  dot). 

The  developed  technology'  of  formation  of  spike  matrixes  can  be  realized  for  InP 
and  the  other  binary  and  multicomponent  materials. 
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Nanostamp  lithography:  a  new  process  for  fabrication  of  nanoctructures 


Dawen  Wang  and  Kang  L.  Wang 
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Techniques,  such  as  e-beani  lithography.  X-ray  lithography,  scanning  probe  microscopy  ba.sed 
lithography  ar.'i  others,  have  been  used  to  fabricate  nanometer  scale  structures.  Though  it  is 
possible  to  obtain  nanometer  scale  feature  sizes  using  the  aforementioned  techniques,  the  use  of 
them  in  a  high  throughput  microelectronics  manufacture  environment  is  still  require  more 
re.search.  In  this  paper,  a  new  process  -  nanostamp  lithography  -  has  been  demonstrated  for 
producing  nanometer  feature  size  nanostructures,  righ  .low  25  nm  dots  has  been  achieved  by 
this  method. 

As  illustrated  in  fig.  1,  the  process  is  a  three  step  process.  First,  the  polydimethylsiioxane 
(PDMS)  stamps  were  cast  from  master  molds.  Mold  materials  can  be  silicon,  silicon  dioxide, 
photoresist,  etc.  Molds  can  be  used  repeatedly  to  cast  stamps  and  stamps  can  be  usei^  repeatedly 
too  to  form  nanostructures.  Secondly,  a  thin  layer  of  photoresist  film  was  applied  to  the  .■surface 
of  a  stamp  by  spin  coating.  Then  the  stamp  and  a  substrate  were  aligned  and  were  pressed 
together.  After  at  least  half  an  heur,  the  stamp  was  removed  from  the  substrate  carefully,  which 
left  a  patterned  photoresist  film  on  the  .surface  of  substrate.  In  our  experiment,  AZ  5214 
photoresist  and  silicon  substrate  were  u.sed.  The  thickness  of  the  photoresist  film  is  from  about 
350  nm  to  1500  nm.  Fig.  2  shows  the  atomic  force  microscope  (AFM)  images  of  25  nm  and  50 
nm  diameter  pattern  dots  formed  on  the  photoresist  films.  The  patterns  on  the  stamps  are  the 
inverse  of  the  original  patterns  of  the  master  molds.  Thus  the  shape  and  size  of  the  patterns 
formed  on  photoresist  films  are  the  same  with  those  on  the  master  molds.  The  last  step  is  the 
pattern  transfer.  The  simplest  way  to  transfer  a  pattern  is  to  etch  the  photoresist  film  back  to  the 
substrate  surface  by  reactive  ion  etching  (RIE)  with  oxygen.  We  developed  several  methods  to 
do  pattern  transfer.  One  of  them  is  to  deposit  a  thin  metal  film  (for  example  15  nm  Ti  in  our 
experiments)  only  on  the  top  of  the  dots  by  lilted  the  sample  for  at  least  45  degree  during  e- 
bcam  deposition.  Then  the  photoresist  film  was  etched  back  to  the  substrate  easily  by  oxygen 
RE.  Further  RE  etching  with  SFg  or  CH4  can  etch  patterns  on  Si  substrate  directly.  Fig.  3  is  a 
AFM  image  of  the  Si  dots  with  50  nm  diameter  formed  by  this  method. 

Nanostamp  lithography  has  several  advantages.  We  use  the  stamps,  not  the  original  molds,  to 
form  nanostructures  and  the  formation  of  the  stamps  is  very  simple  an.,  low  cost,  thus  this 
technique  can  be  potentially  high  throughput  and  low  cost.  In  addition,  the  surface  of  the 
PDMS  is  very  high  hydrophobic,  which  makes  it  easy  to  remove  the  stamps  from  the 
photoresist  films  and  there  is  no  serious  surface  sticking  problem.  In  our  experiments,  after 
cleaning  the  stamp  by  acetone,  the  photoresis  can  be  applied  on  the  surfaces  of  the  stamps 
directly,  no  any  release  layers  are  needed.  The  whole  process  of  applying  the  photoresist  films 
onto  the  stamps  can  be  performed  in  air  and  no  curing  or  light  exposure  treatment  is  needed. 
The  transparent  of  the  PDMS  material  will  help  to  solve  the  multilevel  alignment  problem 
which  is  the  bigge.st  challenge  for  all  the  stamping  lithography.  The  process  is  compatible  with 
current  semiconductor  tecbnology. 


365 


step  I 


step  U 


step  in 


PDWIS 


Casting  of  PDMS  stamp 


PDWiS  is  peeled  away 
from  the  master 

A  photoresist  film  Is  applied 
to  the  surface  of  PDMS 

Contact  of  PDWIS 
with  Si  substrate 


Remove  PDMS 


Deposition  of  Ti  film 
on  the  top  of  pattern 


Pattern  transfer  by 
RIE  etching 


Fig.  1  Sche.Tiatic  of  the  procedure  for  nanostamp  lithography 
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(a)  (b) 

Fig,  2  AFM  images  of  (a)  25  nm  and  (b)  50  nm  diameter  pattern 
dots  formed  on  a  photoresist  films  by  nanostamp  lithography 
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Fig.  3  AFM  image  of  Si 
dots  pattern  with  50  nm 
diameter  formed  by 
nanostamp  lithography 
followed  by  pattern 
transfer 
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Transport  of  interacting  electrons  in  modulated  quantum  wires  and  carbon 

nanotubes 
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We  investigate  the  possibility  to  control  the  electron  transport  on  the  nanc/meter  s<Mle  by  using  elec¬ 
tric  field  induced  Mott  transition  in  realistic  periodically  modulated  one-dimensional  systems:  artificially 
fabricated  modulated  quantum  wiras  and  naturally  grown  caibon  nanotubes.  Tlic  Mott  transition  occurs 
due  to  the  Umklapp  scattering  of  electrons.  Tire  latter  can  be  described  by  a  aon-uniform  sine-Gordon-like 
model  which  incorporates  also  the  effects  of  electric  contacts  connected  to  the  system.  For  a  weak  Umklapp 
backscattering  we  treat  the  problem  perturbatively  and  find  precursors  of  ttansition  to  the  Molt  insulating 
.state.  In  the  opposite  case  the  transport  can  be  described  in  temis  of  the  macroscopic  quantum  tunneling 
(MQT)  of  sine-Gordon  solitons  through  the  edge  barrier.  We  evaluated  the  tunneling  rat  P  =  i?  exp(- A) 
as  function  of  an  effective  chemical  potential  and  temperature  using  instanton  technique  in  1+1  dimension. 
Interestingly,  preexpor.ential  factor  B  increases  as  a  power  of  the  cutoff  frequency.  TTus  enhances  the 
tunneling  amplitude,  producing  the  effect  opfiosite  to  well  known  ortliogontdity  catastrophe.  Numerical 
algorithms  developed  can  be  used  for  analysis  of  MQT  in  distributed  and  dissipative  systems. 

One-dimensional  (ID)  conductors  have  been  attracting  attention  of  theoreticians  and  experi¬ 
mentalists  first,  as  a  rich  source  of  unconventional  physics  of  interacting  ID  ele(;trons  (non-Fermi 
liquid  behavior,  various  types  of  electronic  instabilities  and  phase  transitions)  and,  second,  as 
systems  showing  great  potential  for  future  applications  (interconnects  for  hanodevices).  Recent 
breakthroughs  in  technology  have  openerl  at  least  two  intriguing  opportunities  for  experimental 
investigation  of  ID  transport.  First,  It  became  possible  to  fabricate  long  and  clean  quantum  wires. 
This  system  has  been  successfully  used  for  tiie  detection  of  nbn-Fcrmi  liquid  behavior  of  interacting 
ID  electrons  [1,2].  Second,  drastic  progress  has  been  recently  achieved  in  syntliesis  of  single  wall 
carbon  nanotubes  [3].  Coherent  electron  transport  and  single-electron  effects  in  this  system  have 
been  demonsti  ated  in  recent  eJxperiments  [4].  . 

There  is  a  clear  need  to  look  for  efficient  ways  to  control  electronic  b'ansport  through  new  ID 
systems.  Analysis  shows  that  it  is  technologically  possible  to  modulate  the  electrostatic  puteiitial 
along  the  wire  wifh  the  period  o.  7^10  of  the  order  of  the  electronic  Fermi  wave  length  using  , 
selective  wet  etching  of  the  donor  layer.  In  an  infinite  system  the  electron  backscattering  leads  to  . 
the  opening  of  the  gap  at  the  boundary  cf  the  Brillouin  zone,  G  —  Ikp.  .More  interestingly,  at 
half-filling,  G'  -  ikp,  the  Mott  gap  is  formed  due  to  the  Umldapp  scattering  which  occurs  only  ■ 
in  the  interacting  system  [5,  6].  B’,  changing  the  position  of  the  Fermi  level  wiih  respect  to  the 
gaps  one  can  effectively  control  electronic  transport  through  modulated  quantum  wire.  The  same 
Idea  holds  also  for  tne  “armchair”  carbon  nanotubes  wne^-e  the  natural  periodic  potential  (atomic 
lattice)  leads  to  the  opening  of  the  Mott  gap  [7,  8]. 
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Previous  researches  have  addressed  the  effect  of  Uinklapp  scattering  on  the  transport  in  uniform 
(and  form.Jly  inrinite)  ID  system  [9, 7, 8].  In  a  realistic  experimental  layout  the  system  (modulated 
quantum  wire  nr  carbon  nanotube)  is  connected  to  external  electric  contacts  which  can  be  considered 
as  reservoirs  of  non-interacting  electrons.  The  presence  of  the  reservoirs  makes  tlie  system  non- 
uniform,  and  drastically  affects  the  transport  even  in  the  case  of  clean  (not  modulated)  ijuanium 
wires.[10]  In  this  work  we  investigate  the  Umklapp  scattering  of  electrons  and  signatures  of  the 
Mott  transition  (MT)  in  realistic  non-uniform  systems. 

We  consider  one  channel  modulated  quantum  wire  adiabatically  coupled  to  two  perfect  non- 
interacting  ID  leads.  The  latter  are  aimed  to  model  electronic  reservoirs  [lOf.  At  low  energies 
E  <  Ef,  the  system  can  be  treated  within  the  bosonization  formalism  [5,  6].  To  describe  the 
transport  it  is  enough  to  consider  the  charge  part  H  =  Hf,  +  Hu  of  bosoniz^'d  Hamiltonian,  which 
is  decoupled  from  the  spin  part.  The  charge  part  contains  the  standard  Tomonaga-Luttinger  term 
^=1), 

W,  =  /_”y{;^(Ve,)“  +  .vWA-.(x)(V«^|  (I) 

associated  with  the  forward  scattering  of  electrons  and  the  nonlinear  term 

Hu  =  —  f  flxlf{x)cos4Qp  (2) 

7—00 

describing  the  Umklapp  scattering.  Here  0p  and  <l>p  are  bosonic  fields  satisfying  the  co  mmutation 
relation  {dp(x),^p(x')]  =  (i7r/4)sign(x  -  a:'),  is  the  velocity  of  charge  excitations,  and  h\,  is 
a  standard  interaction  parameter  of  the  Tomonaga-Luttinger  model  (  Hp  =  \  for  norwwtemcting 
el^trons).  The  amplitude  (/  of  the  Umklapp  scattering  is  proportional  to  the  2i;p-coimponent  of 
the  electron-electron  interaction. 

We  will  assume  that  the  Umklapp  scattering  as  well  as  the  Coulomb  interaction  of  electrons 
occur  only  in  the  modulated  quantum  wire  (0  <  x  <  L)  which  is  chaiacterized  by  coordinate 
independent  parameters  U(a:))  =  {K,v^,U)  in  (1),  (2).  The  parameters  change 

stepwise  at  x  =  0,  L  acquiring  non-interacting  values  ( 1 ,  v/,  0)  in  the  leads  {x  <  0,  .r  >  h)  [10). 

The  current  /  =  2e{9p)/w  can  be  found  from  the  solution  of  the  equation  of  motion  supple¬ 
mented  with  the  boundary  conditions  [1 1] 

'^{0p±<i>p)U-*^oo  =  fi):2/oti  (3) 

which  reflect  the  fact  that  the  chemical  pcdential  fn  ( (12)  of  the  left  (right)  reservoir  determines 
an  excess  density  pi  (  pz)  of  rightgoing  (leftgoing)  electrons  in  the  left  (right)  lead,  p,  -  pjnv 
{pi  —  0  corresponds  to  half  filling,  G  =  4^^). 

First,  we  will  analyze  precursors  of  the  MT  due  to  weak  Umklapp  scattering.  In  this  regime  the 
problem  can  be  treated  perturbatively.  In  the  absence  of  Umklapp  .scattering  ((/  =  0)  the  solution 
of  me  equations  of  motion  satisfying  (3)  has  the  form 

where  cV  =  /q  —  pz  is  the  DC  voltage  applied,  and  q  =  JA  (xl  +  =  4^;.’  —  (!  characteriz^-s 

u  deviation  of  electron  density  frciii  half  lilling.  The  cur^-p^igiven  by  this  solution  curre.sponds  tn 
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the  I.andaucr  formula.  -  {2c^lh)V.  The  correction  AI  to  the  current  due  to  IJmklapp 
r  "ocess  arises  in  the  second  order  in  the  scattering  amplitude  U, 

A  /  =  -2e.U^  /  — —  /  (it  sin  [*7(0:  -  ;c')  -  fit]  x'\  t),  (5) 

Ji)  T  TT  Jo 

with  n  =  2c  V''  and  aix,  x'-,t)  ^  where  the  average  is  taken  ov^r  equilibrium 

fluctuations  of  the  unperturbed  field  ^'x,t). 

We  start  from  the  "non-interacting"  case  K  —  1  (where  quotes  imply  that  there  is  still  a  shoit 
ranae  component  of  the  Coulomb  interaction,  (/  cx.  V{2kr^  ^  C).  From  Eq.  5  we  obtain  the  extra 
resrstance  Ah'  ^  ^-{h/2e^f  li.nu-o  AI/V  of  the  quantum  wire  due  to  the  Umklapp  scattering, 

h  ,  >,^coth^  — 1 

where  /A.  -  i2KVhllu;t  )hl2t^  is  the  scale  of  resistance,  I  =-.  InTLlv^As  dimensionless  temper¬ 
ature,  and  ry  =  </u/2tT  parameterizes  the  deviation  from  half  filling.  ^  2  2/2 

Inthecaseofhalffillingf/^OatlowtemperaturesT  <  iv/i  weobtain  Ay?  =  (2;r  Ho/'^)h  T  /y,,,. 

The  quadratic  dependence  on  the  length  L  signals  that  the  amplitudes  of  the  Umklapp  scattering 
sum  up  coherently  along  the  wire.  At  high  temperatures  T  u,,,/ L  the  coherence  is  lost  on  the 
scale  of  the  thermal  length  v^jT  and  the  extra  resistance  is  proportional  to  the  length  of  the  wire, 
Aft  =  IT  RoiTivu,.  Note  that  the  temperature  dependence  of  the  extra  resistance  changes  from 

quadratic  to  linear  with  increasing  temperature. 

Now  we  Uirn  to  the  interacting  case  (/f  <  1).  The  temperature  dependence  of  the  resistance 
is  determined  by  the  behavior  of  the  correlator  0{x,x';  t)  at  the  time  scale  ~  \/T.  At  low 
temperatures  T  <  v^/L  this  time  scale  corresponds  to  low  frequencies  lu  <  v^,/L  at  which 
the  correlator  is  determined  by  non-interacting  electrons  in  the  leads.  For  this  reason,  the  sx^ra 
resistance  is  proportional  to  as  in  the  non-interacting  case,  see  Fig.  1.  At  high  tempwafires 
T  »  u.„/ L  the  behavior  of  the  correlator  a(x^  x';  t)  (10)  on  the  time  scale  1  //’  is  determined  bj-  the 
correlations  in  the  interacting  quantum  wire.  The  extra  resistance  displays  interaction  dependent 

power  law  behavior  as  a  function  of  temperature, 

;  -  ■  (7>: 

where  7  =  0  and  o  ~  1  (Fig.  1).  t  \  ■  t 

The  high  temperatme  result  (7)  is  in  agreement  with  the  lo  west  order  perturbative,  calculauon  of 
the  DC  conductivity  of  an  infinite  system  [9].  On  the  other  hand,  it  is  well-known  that  ir.  an  infinite 
system  at  half  filling  the  Mott  gap  Am  N  formed  for  an  arbiuarily  small  amplimde  U  of  Umklapp 
scattering  provided  that  the  Coulomb  interai.tion  is  repulsive  Kp  '<  l.l5]  At  low  temperatures 
T  ~  Am  the  perturbative  result  [9J  nrealrs  down  and  resistance  starts  to  increase  exponentially. 
Our  resulLs  are  valia  at  ai'bitrarily  low  temperatures  for  shorL  enough  quantum  wares,  vjv  >  Am- 
Note  that  unlike  the  case  of  *he  Luttingcr  liquid  with  impurities  [12]  the  high  temperatme 
behavior  of  the  exira  resistance  ('')  gives  no  direct  indication' of  true  low  tempcracure  pioperties 
of  ihc  system  tthc  evtra  resistance  decreases  with  decreasing  temperature  tor  A'  >  3/4.  despite 
i.hc  formation  of  the  Mott  gan^  On  the  other  hand,  the  fact  that  the  ext.a  resistance  (7}  for  a 
repulsively  interacting  system  A  <  1  decrea.ses  somewhat  slower  than  in  the  non-interacting  case 
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Fig  1.  The  extra  resistance  of  modulated  quantum  wire  at  half  tilling  (q  ~  0)  as  af(tnction  of 
temperature.  For  the  carves  from  top  to  bottom  A  =  1 ,  0.75, 0.5. 

or  even  increases  with  decreasing  temperature  can  be  interpreted  as  an  indirect  precursor  of  the 
Mott  transitioii! 

We  consider  now  the  case  of  strong  Umklapp  scattering.  It  is  instructive  to  use  the  effective 
action  formalism.  The  imaginary  time  Lagrangian  density  corresponding  to  (1 )  has  the  welhknown 
sine-Gordon  form, 

l.Wp(x)  J 

The  characteristic  length  in  the  problem  is  the  screening  length  (or  the  size  of  sine-Gordon  soliton), 
A  =  {v^fZirKry^^,  whereas  the  characteristic  energy  Eo  =  v^/X  is  the  energy  of  sine-Gordon 
soliton  up  to  numerical  coefficient.  The  regime  of  strong  L'mklapp  .scattering  corresponds  to  A  <  L 
In  this  case  llactuations  of  the  field  0p  in  the  wire  region  0  <  x  <  L  are  essentially  non-gaussian 
and  the  perturbative  approach  is  not  applicable. 

We  decompose  the  action  S  —  S-ui  +  S\  +  Sz  into  the  wire  part  ,S,„  =  fLjj/z  Jo^  dxl.,,  and  the 
actions  Si  Oi  the  leads  (.  =  1,2).  Since  , he  fluctuations  in  the  leads  are  gaussian,  (he  actions  .V, 
can  be  expressed  in  terms  of  the  values  (  ,  of  the  field  0p  at  the  ends  of  the  wire, 

J-lijZ  IT  12  ’ 

The  first  term  in  the  actions  .S',  contains  the  chemical  potentials  of  the  leads.  The  second  tcmi 
ensures  the  fulfillment  of  the  boun  lary  condition  (3)  which  becon'es  non-local  in  imaginary  lime. 
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Let  us  fix  the  chemical  potential  of  the  right  lead  in  the  middle  of  the  Mott  gap,  fi2  =0  and  to 
consider  the  behavior  of  the  system  as  a  function  of  /ii.  The  system  is  characterized  by  two  threshold 
values  of  chemical  potential  ui.  Below  the  dynamical  threshold,  0  <  <  ^dyn  =  1/(2  A')  the 

minimuin  of  the  action  S  corresponds  to  a  stationary  solution  of  Eule.  -Lagrange  equation,  which 
describes  penetration  of  a  tail  of  sine-Gordon  soliton  into  the  system  (we  measure  the  energy  in 
units /To, /7|  ~ /£o).  In  this  case  the  Gibbs  energy  of  the  system, 

c(e,)  =  r'de\an2e\-!^  ,  dO). 

has  local  minima  For  |/ti  |  >■  ^/dyn  such  a  solution  does  not  exist.  In  this  case  the  Gibbs  energy 
decreases  monotonically  with  01. 

Addition  of  a  sine-Gordon  solitpn  (which  corresponds  to  a  real  electron)  to  the  system  becomes 
energetically  favorable,  6X27r)  <  G'(0),  above  the /.^e/Tnoify/aimicrt/ threshold  /Uiherm  =  l/(?r/(r). 
Below  this  threshold  a  true  bulk  gap  halts  the  electrons  from  entering  the  system.  This  nieans  that 
for  -  V 

/(ihetm  /it  /Tdyh  (11)  ■ 

an  effective  edge  barrier  exists  for  the  penetration  of  a  soliton  into  the  system.  In  this  regime 
substantial  deformation  energy  accumulates  near  the  edge  of  the  system  due  to  the  presence  of 
reservoir.  Part  of  this  energy  can  be  relea.sed  when  the  soliton  circumvents  the  barrier  and  enters 
the  system.  Despite  the  existence  of  the  edge  barrier  in  the  sine-Gordon  problem  was  known  at 
least  since  the  sixties  (see  e.g.  the  paper  by  Kulik  (13]),  we  are  not  aware  about  works  where  the 
tunneling  through  this  barrier  was  analyzed.  This  analysi.s will  be  discussed  in  the  second  part  of 
thetalk.-'  -  X, ^  ^ 

The  calculation  of  the  tunneling  rate  F  =  £iexp{— A)  has  been  done  by  the  instahton  tech¬ 
nique  [14].  The  exponent  A  ~  -  .9p  is  given  by  the  differenee  qf  the  the  effective  actions  S 

corresponding  to  the  instanton  solution  and  to  the  stationary  solution.  The  exponent  A  is  a  regular 
monotonously  decreasing  f’lnction  of  the  chemical  potential.  The  preexponential  factor  Z?  is derer- 
mined  by  the  ratio  of  the  determinants  <)^.S7<)0(i-,  r  )<)0(x',  t‘)  taken  for  the  tw  o  abovementioned 
solutions.  Apart  from  the  exponent,  the  preexponential  factor  shows  power-law  divergence  as  a 
function  of  the  cutoff  frequency  iOc  Ep  producing  the  effect  opposite  to  well  known  oj  thogonalit)’ 
catastrophe  for  a  Luttinger  liquid.  : 

In  conclusion,  we  have  investigated  transport  through  modulated  quantum  wires.  With  the 
emphasis  on  the  observable  manifestations  of  the  Mott  transition  in  the  regimes  of  weak  and  strong 
LlinkJapp  scattering.  The  results  obtained  can  be  generalized  with  itiinor  modifications  to  the 
transport  through  carbon  nanotubes. 
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New  type  of  staictures  for  optoelectronics  is  proposed  and  realized.  Tl^e  structures 
we  refer  to  as  „excitoni^  >vaveguides“  allow  an  ultimate  (material  limited)  shift 
towards  ultraviolet  spectral  range.  As  opposite  to  convent*  mal  waveguides  and 
double  heterostructure  lasers,  no  significant  difference  in  the  average  refractive  index 
between  the  cladding  and  the  active  layers  is  necessary,  and  these  regions  can  be 
fabricated  from  the  same  matrix  material.  In  this  approach:  (i)  the  waveguiding  effect 
has  a  resonant  nature  and  appears  on  the  low  energy  side  of  the  strong  exciton 
.  absorption  peak  in  agreement  with  the  Kramers-Kronig  equation;  (ii)  the  absorption 
peak  is  induced  by  nanoscale  island-like  insertions  of  narrow  gap  material  in  a  wide 
bandgap  matrix,  allowing  to  lift  the  k-selection  rule  and  making  the  radiative 
annihilation  of  excitons  possible  at  any  lattice  temperature. 

1.  rntroduction. 

Currently  the  structure  of  wide-bandgap  lasers  is  similar  to  that  of  conventional  infrared 
ni-V  lasers,  in  an  agreement  with  the  double-heterostructure  laser  geometry  [1].  A.  using  of  thick 
layers  of  a  wider  bandgap  material  having  a  lower  refractive  index  is  assumed  to  be  necessary. 
However,  this  wider  bcndgap  material,  lattice  matched  to  the  active  layer,  does  not  always  exist, 
or,  if  exists,  does  not  necessarily  provide  sufficient  conductivity.  The  interest  in  the  ultimate  shift 
towards  blue  and  UV  spectral  region  requires  a  search  of  alternative  approaches  for  efficient 
waveguiding  An  attractive  idea  is  to  use  resonant  waveguiding,  wh’ch  originates  On  the  low 
energv  side  of  the  absorption  peak  due  to  Kramers-Kroiiig  equation  which  relates  the  absorption 
with  the  dielectric  susceptibility. 

High  exciton  binding  energies  and  oscillator  strength  and  high  densities  required  to  screen 
excitons  in  II-VI  and  III-N  materials  (around  lO’’  cm‘^)  make  the  resonant  excitonic  absorption 
an  attractive  candidate  to  realize  this  type  of  waveguides  [2].  At  the  other  hand,  the  exciton- 
induced  lasing,  resonant  to  the  range  of  strongly  enhanced  refractive  index,  can  be  hardy  realized 
in  bulk  wide-gap  II-\1  compounds.  Free  excitons  with  finite  /c  values  dominating  at  high 
excitation  densities  and  observation  temperatures  cannot  reconibine  radiatively,  as  it  was 
demonstrated  first  by  Grosser  a/.  [3].  More  recently,  ultralhin  submonolayer  (SML)  [4]  oi 
motiflayer  (ML)  [5]  insertions  were  proposed  to  be  used  in  excitonic  waveguides.  These 


’  tlic  work  is  carried  out  in  cooperation  with  S.V.  Ivanov,  I.L.  Kre.s*mkov,  M.V.  MaxiniO^-,  A.V.  Sakliarov, 
S  V.  Scrokin,  P.S.  Kop'ev,  Zh.J.  Alferov,  D.  Gerthsen,  A.  Hclfmann,  M.  StraBburg,  A.  Rosenauer  ajid 
D.  Bimbcrg. 
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Lisertions  are  proved  do  form  dense  array  of  nanoscale  2D  islands  which  can  efficiently  localite 
excitons.  The  structures  composed  of  stacked  ultrathin  insertions  result  both  in  lifting  of  k- 
selection  rule  and  in  a  strong  increase  in  the  exciton  oscillator  strength,  providing  a  new 
possibility  for  lasing  and  wavegu'ding  in  wide  bandgap  matrices  [6-9], 

2.  Growth 

The  crucial  point  to  realize  excitonic  waveguides  is  related  to  a  possibility  to  create 
nanoscale  QD-like  structures  either  isolated  or  electronically-coupled  and  providing  a  lateral 
confinement  on  a  scale  of  the  order  of  exciton  diameter,  what  is  important  to  break  the  translation 
qonmetry  of  the  crystal.  Several  approaches  can  be  used  [10]; 

Two  dimemioml  (20).  islands:  Spontaneous  formation  of  2D  ordered  surface  domain 
structures  by  submonolqyer  deposition  has  been  proposed  as  a  promising  way  for  fabncation  of 
QDs  in  materials  ha^nng  large  effective  masses  of  parriers  and  large  band  discontinuities,  such  as 
some  of  wide  bandgap  H- VI  compounds  and  group-in  nitrides.  The  driving  force  for  the 
formation  of  nanoscale  islands  -  is  the  intrinsic  surface  stress  relaxation  at  domain  boundaries. 
Atoms  on  the  surface  have  different  environment  as  compared  to  bulk,  however  they  need  to  fit 
the  bulk  lattice  parameter,  the  effect  causing  a  significant  intrinsic  surface  sires’-  (x).  Tf  two 
phases,  having  different  values  of  x  coexist  on  the  surface,  the  stress  can  be  partially  relaxed  along 
the  domain  boundary.  This  makes  the  formation  of  ordered  2D  nanoscale  islands  energetically 
more  favorable,  as  compared  to  mesoscopic  islands.  In  this  way  nanoscale  CdSe  i$!«'ids  having  a 
monolayer  height  and  lateral  size  of  4  nm  can  be  formed  on  the  surface. 

■  Muliimor.olqyer  islands:  If  the  energy  benefit  due  tO  elastic  stress  relaxatiov>  a!;  the  domain 
boundaries  overcomes  the  energy  benefit  due  to  complete  coverage  of  t!ie  surface  with  the 
deposit  atoms  due  to  Stranski-Krastanow  growth  mode,  formation  of  ordered  array  of  2D 
muhimonolayer  islands  on  oare  substrate  becomes  energetically  favorable.  This  way  is  proved  for 
InGaAs  growth  on  high-index  (Al,Ga)As  surfaces  and  for  ML  CdSe  coverage  on  a  Zn3e  surface. 

3D  quofitum  dots.  A  layer  of  a  material  having  a  lattice  constant  different  from  that  of  the 
substrate,  after  some  critical  thickness  is  deposited,  can  spontaneously  transform  to  an  array  of 
three-dimensional  islands.  More  recently  it  was  shown,  that  there  can  exist  a  ra.  ge  of  deposition 
parameters,  where  the  islands  are  small  (~1P  nm),  have  a  similar  size  and  shape  and  form  dense 
arrays.  Due  to  the  strain-induced  renormalization  of  the  surface  energy  of  the  facets,  the  array  of 
equisized  and  equishaped  3D  islands  can  represent  a  stable  state  of  the  system.  Interaction  of  t!ie 
islands  via  the  substrate  make,«  also  their  lateral  ordering  favorable.  If  strained  islands  are 
covered  with  a  layer  of  the  matrix  material,  the  islands  in  the  second  sheet  are  formed  over  the 
dots  in  the  first  sheet,  resulting  in  a  three-dimensional  ordered  atray  of  QDs  either  isolated  or 
strongly  vertically-roupled.  The  size  and  the  shape  of  islands  can  be  changed  by  changing  the 
substrate  temperature,  composition  or  the  deposition  mode.  Assuming  that  10  meV  width  of  the 
QO  exciton  luminescence  and  absorptior.  can  be  realized  for  this  approach,  excitonic  waveguides 
using  arrays  of  vertically  coupled  3D  QDs  seem  to  be  possible. 

3D  QDs  formed  by  surface  spinodal  decompot^'H^  of  the  alloy  layer.  QDs  can  be  ibrmed 
by  slow  cooling  of  thick  dloy  layers.  As  a  result,  30  islands  appear  on  *iie  surface,  even  the  iniiiaP 
lattice  mismatch  between  the  epilayer  and  the  substrate  wtfS  absent  or  relaxed.  Surface  energetics 
driven  surface  exchange  reactions  also  give  a  possibility  1©  realize  more  complex  co/uposinotially- 
modulated  structures  in  epitaxial  films. 
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Poi  t  gro'A'th  annealing  gives  u  possioility  either  to  modify  the  shape  of  covered  QDs,  bv 
their  partial  intermixing  with  the  matrix  material,  or,  as  opposite,  to  fabneate  QDs  by 
of  initially  uniform 


3.  Characterize  iio.*: 


parameter  image  of  the 
structure  with  CdSe 


Monolayer  and  submonolayer  insertions,  most  promising, 
for  QD  fabrication  in  n-VI  and  IH-N  semiconductors,  where  the 
application  of  excitonic  waveguides  seem  to  he  the  most 
promising,  are  characterized  using  higf.-resol»tion  transmission 
election  microscopy  [5].  The  cross-sectioa  local  lattice 
parameter  (LLP)  image  of  the  stack  composed  of  1  hdL  CdSe 
insertion  separated  by  3  nm-thick  ZrfSe  layers  is  presented  in 
Fig.  1.  White  color  corresponds  to  CdSe  lattice  parameter  in  the 
growth  direction,  while  the  black  spots  indicate  the  ZnSe  lattice 
parameter  in  the  growth  direction.  As  it  can  be  clearly  seen,  the 
CdSe  deposition  results  in  islands  having  a  latei  J  size  of  about 
4  ran.  llie  avera.ge  thickness  of  the  CdSe  msertion  in  the  island 
area  obtained  from  numerical  analysis  of  the  LLP  image  is  about 
l.eML  and  significantly  exceeds  the  thickness  of  the 

deposit  Structural  characterization  of  3p  QDs  is  performed  in  a 
number  of  papers  [10] 


insertions  in  a  ZnSe  matrix. 


4.  Exciton-induced  refractive  index  enhancement  and  resonant  lasing. 


Photon  Energy  (eV) 

hig  2.  Photoluminesccnce  (PL),  lasing,  and  optical  reflectance 

(OR)  spectra  of  the  excitonic  waveguide  structure. 


Photoluminescence 
(PL),  optical  reflection 
(OR)  and  lasing  spectra 
of  the  structure  with  30 
stacks  of  CdSe 
iiisertions  grown  on  top 
of  a  thick  ZnSSe  layer 
and  covered  by  ZnSSe 
cap  are  shown  m  Fig.  2. 
Ihe  importani  result 
which  follows  from  Fig. 
1  is  an  extremely 
pronounced  modulation 
of  the  OR  spectra  at 
the  SL  he3\7-hcle 
exciton  energy,  which 
indicates  the  high 
exciton  oscillator 
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strength  and,  hence,  effective  refractive  index  modulation  in  the  active  region.  Increase  in  the 
exciton  oscillrtor  strength  in  the  array  of  QDs  with  respect  to  quantum  wells  (QWs)  lias  been 
demonstrated  in  [11].  To  describe  the  exciton  peculiarity  in  OR  speotaim  we  use  the  model  of 
resonant  modulation  of  dielectric  susceptibilily  [12]  ; 


e(<o) 


ro„-a>-irJ 


(1) 


where  et,  -  dielectric  constant  without  exciton  resonance;  Pob,  hcoLT,  ftr*  exciton  resonant, 
longitudinal-transverse  splitting  and  damping  energies,  respectively.  Fitting  of  the  Calculated  OR 
spectrum  to  the  experimental  one  gives  the  follo'.ving  values;  eV.  meV  and 

ftr=3.5  meV.  The  region  of  the  exciton-induced  enhancement  of  the  refractive  index  and,  thus,  of 
the  exciton-induced  waveguiding  is  placed  on  the  low-energy  side  froao  the  exciton  resonant 
energy  [2].  The  anuwaveguidmg  region  is,  consequently,  placed  on  the  higli  energy  side  from  this 
energy.  As  it  fellows  from  Fig.  2,  the  lasing  spectrum  recorded  in  the  waveguide  gsometiy^  is 
J6  meV  Stokes  shifted  with  respect  to  the  surface;  PL  peax  and  the  e;;citon  resonance  energy  in 
the  OR  spectrum.  Ihe  refractive  index  enliancement  at  lasing  wavelength  is  estimated  to  be  of 
0.15.  This  value  is  coniparable  with  the  refractive  index  enhancement  provided  by  thick 
(Zn,Mg)(S,Se)  cladding  layers. 


Fig.  3.  Dependence  of  integrated  PL  intensity  versus  ^erlaifeidsn  density  (a^  and  luminescence 
spectra  (b)  of  the  excitonic  waveguide  structure. 
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ZnSo  oeSeo  w  -Zno.sCdo.iSe  quantum  well  laser  structures  with  comparable  cavity  length 
Lsc  at  energies  -haio  (30meV)  below  the  exciton  transition  revealed  by  PL  and  OR  spectra,  in 
agreement  with  the  exciton-LO  phonon  lasing  mode!  [13,  14],  At  room  temperature  this  shift 
increases  to  about  100  meV  [2].  For  ultrathin  CdSe  insertions,  excilon  localization  makes  the 
interaction  wth  another  particle  (LO-phonon,  or  another  exciton)  unnecessary,  allowing  the 
lasing  to  occur  without  additional  many  body  interactions  directly  in  the  region  of  the  exciton- 
iiiduced  waveguiding. 

For  CdSe  insertions  in  a  (Zn,Mg)(S,Se)  matrix  we  were  able  to  realize  entirely  excitoa- 
induced  waveguiding  and  lasing  up  to  300  K  (Z  =  460nm)  also  without  using  any  additional 
cladding  layers  (see  Fig.  3).  The  estimated  from  the  threshold  density  vj  cavity  length  dependence 
the  upper  limit  for  the  internal  losses  is  comparable  to  that  in  structures  with  optimized  cladding 
layers  and  is  below  18  em'V  As  a  highly  absorbing  GaAs  substrate  is  used,  and  the  active  layer  is 
separated  by  only  -0.9  pm  from  the  substrate,  the  efficient  confinement  of  the  optical  mode  in  the 
excitonic  waveguide  is,  thus,  proven. 


5.  Gain  saturation  and  gain  suppression  effects. 

Gain  studies  under 

ISO  m - 1 — >  - - — r  - ! — rTTr^rn - < — r-TTTTTTn  . 

^  .  .  .  pulsed  exat  :ion  usmg  a 

-  variable  stripe  length  method 

.  demonstrate  fest  saturation 

100  -  — i  — v-vr  the  absorption  oti  the  low 

^  ^  ‘  ■  energy  side  of  exciton 

1  L  ,  ;  \  ,  ..  luminescence  with  excitation 

^  ■  '  /  "  "  density  (Pexc)  and  the 

«  .  ^  /  .  .  development  of  a  gain  peak 

'  at  mi  energy  —7-10 meV 

below  the  exciton  resonance 

0 - :/A"; — r— - r-r — r— rr— t- — :  ^  energy  in  the  OR  spectrum. 

■  '  '  ■-•■■t-i'l-i-lHi-  "  Further  growth  in  Pea  results:' 

‘  *  '  . .  3  monotonic  increase  In 

10  100  1000  10000  100000  , 

Excitation  Density  (W/cm  *)  gam  up  to  values  of  100  cm 

V  Further  increase  in  Pac 

Fig.  4.  Gain  vs  excitation  density  in  the  structure  with  causes  a  gain  saturation  (see 
excitonic  waveguide.  Fig.  4)  and  an  appearance  of 

a  dip  in  the  gain  curve.  For 

higher  P^^  this  dip  develops  to  an  absorption  peak  since,  after  the  excitonic  absorption  is 
completely  saturated,  no  waveguiding  is  possible  anymore,  and  the  emitted  light  is  absorbed  by 
the  GaAs  substrate  [15].  This  Intriguing  gain  suppression  effect  presides  unique  possibilities  for  a 
new  generation  of  devices  based  on  optical  bistability  and  for  generation  of  ultrashort  pulses. 


6.  Conclusion. 


Excitonic  waveguides  represent  a  unique  system  with  a  high  device  potential,  particularly 
ift  the  ultraviolet  spectral  region.  The  recent  pr  ogress  became  possible  due  to  application  of  self- 
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organized  growth  of  quantum  islands  by  using  submonolayer  and  monolay  er  deposition  in  the 

CdSe-(Zn,Mg)(S,Se)  materials  system. 
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C.A.  Aktsipetrov,  E.A.  Gan’sliina,  S.V.  Gusliin,  T.V.  Murzina,  T.V.  Misuryaev, 
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Magneto-optical  properties  of  low-dimensional  structures  such  as  magnetic 
nariociystals,  magnetic  superlatticcs,  thin  metallic  fihns  and  surfaces,  etc.,  are  a 
subject  of  high  interest  last  years.  Giant  magnetoresistance,  quantum  confirement 
effects  have  been  observed  in  these  structures.  Magnetonduced  nonlinear  optical 
properties  of  these  structures,  such  as  ^iant  nonlinear  optical  Kerr  effect  are 
intensively  studied  at  the  moment.  The  method  of  optical  second  harmonic 
generation  (SHG)  is  effectively  used  for  these  studies  because  of  its  unique 
sensitivity  to  the  properties  (including  magnetic)  of  surfaces,  interfaces,  tliir.  films, 
etc.  It  was  sho^n  both  experimentally  and  theoretically  that  the  magnetization  of 
the  surface  or  interface  leads  to  additional  contributions  to  the  SHG  in  these 
systems. 

Ir.  tire  present  paper  the  results  of  the  dc  magnetic  field  induced  SHG 
spectroscopy  of  Co  magnetic  quantum  dors  embedded  in  Cu  films  are  reported 

Tire  SHG  experiments  are  carried  out  using  the  output  of  the  “Tsunami” 
120-fs  Ti -sapphire  laser  operating  in  the  wavelength  range  710^840  nm  as  the 
fundamental  radiation,  tlie  laser  beam  being  focused  on  the  sample  onto  a  spot  of 
about  20  pm  in  diameter.  Reflected  SHG  signal  is  detected  by  the  PMT  and 
photoncountcr.  For  the  dc  magnetic  field  application  the  fihns  are  placed  between 
the  poles  of  the  electromagnet.  For  the  SHG  infrared  experiments,  the  output  of  a 
Q-switched  YAG:Nd^  '’  laser  at  .1064  mn,  pulse  duration  of  10  ns  and  repetiuon 
rate  of  12.5  Hz  is  used.  The  SHC  from  the  fihn  is  selected  by  interference  filter 

and  detected  by  a  PMT  and  gated  electronics. 

Tlie  samples  studied  are  CoxCuj.*  films  comprised  by  Co  nanocrystals 
embedded  ir.  tlie  Cu  film.  The  relative  concentration  of  Co  in  200  mn  thick  films 
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ranges  from  0.2  to  0.6.  The  Co^Cui-x  films  prior  to  and  after  the  annealing  are 
studied. 

The  azunuthal  dependences  of  SHG  intensity  (Figures  i-3)  indicate  the 
anisotropy  of  the  nonlinear  optical  properties  of  the  film  structure.  SH.G  indicatrix 
are  studied  for  p~  and  s-polarized  fundaments  1  radiation  and  for  various  angles  of 
incidence,  and  testify  that  the  SHG  radiation  is  specular. 


s 

t 

i 

Azitnllial  angle  (deg.) 

Figure  1.  Azimuthal  anisotropic  dependence  oftlie  2.  Azimuthal  anisotropic  dependence  of 

'  p-in,  p-out  SHG  in  reflection  from  the  Co  graiiula  ««  p-in.  srout  SHG  in  reflection  from  the  Co 

granula  film. 

Tlie  transversal  nonlinear 
optical  liiagnetic  Kerr  effect  is  studied 
for  the  CoxCuj.x  films  of  various  x 
values.  Magnetic  field  induced 
variations  of  the  SHG  intensity 
appeare  to  be  about  50  times  larger  as 
compared  with  the  Unear 
magnetooptical  transversal  Kerr  effect. 

Figure  4  shows  the  SHG 
spectroscopy  is  measured  for  amiealed 
granular  films  (Figure  4). 


AdnUiialan^fdeg) 


Figure  3.  Azirnuttial  anisotropic  dependence 
of  the  s-in,  s-out  SHG  in  reflection  from 
the  Co  granula  film. 
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700  720  740  760  780  800 


Fundamental  wavelength  (nm) 

Figure  .  SHG  spectroscopy  measured  in  reflection  from  the  annealed  Cr  granula 
Glm  for  p'input,  p-output  polarisations. 

Two  reproducible  peaks  in  the  SHG  spectra  could  be  attributed  to  the  spectral 
properties  of  Co  magnetic  quantum  dots. 
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Structure  of  copper  nanoclusters  embedded  in  a-C:H 

M.V.  Baidakova,  V.I.Ivanov-Omskii,  V.I.Siklitsky,  A.A.Suvorova,  A.A.Sitnikova, 
A.V.Tolmatchev  and  S.G.Yastrebov. 

A.F.Ioffe  Physical-Technical  Institute,  St. Petersburg,  194021,  Russia 

ABSTRACT 

Transmission  Electron  Microscopy  (TEM)  (100  kevO,  Selected  Area  Electron  Diffraction 
(SAED)  and  optical  absorption  data  (0.6-5  eV)  of  copper-amorphous  hydrogeneted  carbon  (a- 
C;H)  nims  are  presented.  The  size  distribution  functions  (SDF)  of  copper-bom  clusters 
embedded  in  a-C:H  were  obtained  both  with  direct  observation  of  TEM  images  of  clusters  and 
from  numerical  analysis  of  opi.eal  data.  Validity  of  optical  SDF  is  discussed.  TEM  SDF  is 
analyzed  in  the  frames  of  fluctuation  mechanism  of  early  stage  of  cluster  fonnation.  A  study  of 
small  angle  X-ray  scattering  by  the  a-C:H  containing  jpper-based  clusters  was  performed  to 
characterize  the  copper  cluster  structure.  Fractal  dimensions  and  sizes  the  cluster  are  estimated 
as  a  function  of  total  copper  concentration. 

Keywords:  nanocluster,  size-distribution  function,  copper,  fractal. 

INTRODUCTION 

Interest  in  the  conductive  clusters  physics  is  stimulated  partially  by  its  possible  applications  to 
nano-  and  micro-electronics  [1].  Using  metal  such  as  copper  which  is  not  capable  of  forming 
carbide,  different  kinds  of  conductive  clusters  distributed  within  a-C;H  matrix  can  be  formed 
[2,3].  The  main  goal  of  the  present  investigation  is  to  process  SDF  of  embedded  in  a-C;H 
copper-bom  clusters  both  from  the  optical  spectra  and  directly  from  TEM  images  to  compare 
tliem.  For  structural  characterization  of  copper  bom  clusters  embedded  in  a-C:H  a  study  of  small 
angle  X-ray  diffraction  pattern  was  performed. 

EXPERIMENTAL 

A-C:H  films  were  produced  by  ion  co-sputtering  of  graphite  and  copper  targets  in  argon- 
hydrogen  (80%  Ar  and  20%  H2)  plasma  onto  KBr,  amorphous  quartz  and  silictm  substrates.  The 
optical  absorption  spectra  (1-6  eV)  of  a-C:K  films  deposited  onto  amorphous  quartz  substrates 
were  measured  with  Hitachi-U3410  spectrophotometer  to  characterize  the  rnicrostruciure  of 
gro^vn  films  by  an  analysis  of  processed  optical  data.  Ellipsometrical  measurements  were 
performed  with  LEF-3;n  ellipsometer  (1.96  eV)  to  find  out  both  geometrical  characteristics  of 
grown  films  and  their  optical  constants.  A  Phiiips400  TEM  operating  at  100  keV  was  used  for 
direct  observation  of  microstmeture  and  electron  diffraction  analysis  of  copper-doped  a-C:H 
films.  X-ray  scattering  by  the  samples  were  studied  v  ifo  a  RIGAKU  X-ray  diffractometer 
operating  at  a  wavelength  1.541  A  (Gu-.K,a  line)  (50  kV)  in  reflection  geometry'  in  the  range  of 
1.0  -  4.0  degiees. 

OPTICAL  STUDIES 

Optical  transmission  spectra  of  copper  doped  a-C:H  are  presented  in  [2J.  Shape  of  the  optical 
spectra  shows  that  the  dielectrical  function  is  a  result  of  superposition  of  four  Lorenlz  oscillators 
as  foliows[3J;  (1)  a  low-frequency  oscillator  associated  with  the  free  carrier  absorption;  (2)  a 
mid  frequency  oscillator  associated  with  surface  plasmon  excitations  in  insulated  spherical 
conductive  clusters;  (3)  a  high-frequency  oscillator  associated  with  surface  plasmon  excitations 
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in  non-spherical  conductive  clusters;  (4)  a  higji-frequency  oscillator  associated  with  the 
fundamental  absorption  of  the  a-C;H  matQx. 

The  algorithm  described  in  [2]  was  used  to  evaluate  imaginary  and  real  parts  of  the 
dielectrical  function.  However,  SDFs  of  conductive  copper-containing  clusters  embedded  in  a- 
C;H  matrix  were  neglected  in  the  course  of  calculations.  In  this  paper  we  estimate  SDFs  of 
oscillators  2  and  3  by  simple  averaging  (integration)  of  contribution  of  oscillators  with  their  SDF 
weights.  In  accordance  with  [5]  is  reasonable  to  choose  the  SDF  shape  in  accordance  with  the 
fluctuation  theory  as  follows  [4,5]: 

Here  D.v  being  the  average  size  of  the  conductive  cluster  is  a  correlation  length  of  the 
fluctuation,  h=l[4]  is  a  parameter;  A  is  a  constant  calculated  by  means  of  the  renormalization  of 
P(D).  In  the  course  of  calculation  it  was  also  assumed  that  the  relation  between  the  relaxation 
time  of  each  of  the  oscillator  and  their  geometrical  characteristics  correspoi-xls  to  a  size-confined 
free-electrons  gas  model  [2]  As  regards  to  the  algorithm  described  in  [2J,  introduction  of  SDF  in 
the  model  brings  no  additional  parameters  to  the  calculation  scheme.  In  die  course  of 
calculations  it  was  found  that  chosen  distribution  function  fits  the  experimental  data.  As  a  result 
of  fitting,  we  were  able  to  find  the  spectral  dependencies  of  extinction  index  which  is  shown  in 
fig.  I .  average  sizes  for  type(2)  and  type(3)  copper  clusters  are  shown  in  fig.  2.  ^ 


Fig.  1 .  The  spectral  dependencies  of 
extinction  index  vs.  copper  concentration 
for  Cu-doped  a-C:H.  1-0%;  2-3%;  3-6%; 
4-14%;  5-18%,  6-20%,  7-24% 


6  9  «  15  ao  » 

.  OnHOTT  oenbaob,  ab.% 

Fig.  2.  The  correlation  length  of  copper-containing 
clusters  vs.  copper  concentration.  Full  squares  stand 
for  non-spherical  clusters,  full  circles  stand  for 
spherical  clusters,  line  is  a  fit  according  to  the 
percolation  theory [3,4],  hollow  squares  stand  for 
small  angular  data  analysis,  triangle  stands  for  mean 
size  of  copper  clusters  obtained  from  TEM  image. 
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TEM  STUDIES 

The  SAED  pattern  shows  diffuse  rings  and  the  lattice  spacing  corresponding  to  each  ring 
provides  a  reasonable  match  to  the  copper  for  a-C;H  sairiple  wth  9%  of  ccipper.  The  size 
variation  of  copper-bom  nanoclusters  was  analyzed  from  TEM  micrographs  directly  and  tlie  SDT 
is  plotted  in  fig.3,  full  squares  stand  for  experimental  points.  Full  line  presents  the  best  fit  to  the 
Gaussian  law  (1)  with  0.63,  D^v  =2.6  nm.  Dotted  curve  demonstrates  SDF  for  9%  Cu-doped  a- 
C;H  obtained  from  equations  (I)  using  fitted  above  ttptical  data  (A-l).  There  is  seen  a  reasonable 
agieement  betv.'een  optical  and  TEM  dataffig.  2  ).  Rather  good  coincidence  between  optical  and 
TEM  SDF  could  be  also  ascribed  in  terms  of  early  (nucleation)  stage  of  copper-based  clusters 
formation  p  oce^S.  In  this  case  average  (critical)  size  of  the  cluster  is  a  function  of  interface  f  ree 
energy  pei  unit  area  o  and  bulk  free  energy  decrease  per  unit  volume  [5]:  =A<jfhCi-  It 

worth  noting  that  at  copper  cor  entrations  exce'*ded  percolation  threshold  an  analysis  of  TEM 
images  is  fairly  complicated  because  difficulties  in  the  spatial  resolution  of  different  geometrical 
forms  of  copper-bom  clusters  and  in  this  case  a  special  analysis  technique  should  be  used 


Diameter,  A  >  Scattering  angle,  grad 

Fig.  3.  SDF  obtained  from  TEM  ’  :  ■  ^-ray  scattering  intensity  versus  scattering 

,  micrograph.  Full  squares  stand  for  ^  wi*  copper;  ■  ■  ■  - 

experimental  points,  full  line  is  a  fitted  copper;  □  □  □  -  6%  copper;  •  •  •  -  14% 

Gaussian  curve.  Dotted  curve  is  SDF  copper;  v )  O  vi;  -14%  copper  (vacuum 

obtained  from  optical  data.  mnealed  sample);  AAA.  24%  copper. 

-  :  .  ' '  -X-IUYSTIDIES' '  ■  T  ' 

It  was  found  by  direct  comparison  of  the  intensity  of  radiation  scattered  by  copper-free  and 
copper-doped  a-C:H  films  that  the  Contribution  ofthe  a-C:H  matrix  is  rather  small,  i.e.,  copper- 
based  clusters  embedded  in  the  a-C:H  matrix  a  e  responsible  for  the  X-ray  scattering  appearing 
at  small  angles.  The  position  of  the  peak  in  fig.  4  show  that  the  average  size  of  the  copper-  based 
cluster  assembly  is  fairly  well  lefined  and  the  mean  cluster  sizes  are  in  reasonable  agreement 
with  e.stimations  for  non-spherical  clusters  provided  by  optical  measurernentsffig.  2)  The 
intensify  I{q)  of  scattered  radiation  is  l(  q)-q'^\  where  transferred  momentum  q=^f4x'X)sin(0  '2), 
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Table  The  sample  parameters. 


Copper,  % 

’ndex  a 

Fractal  dimension  D 

4  ' 

5.4 

. 2.0 . 

6 

3.9 

2.1 

14 

3.7 

2.3 

24 

3.6 

2.4 

Comments 

Scatterer  with  smooth  ^undary  surfaces  [8] 
Scatterer  with  fractal  surfaces  [8] 


ic  the  wavelength  of  scattered  radiation.  For  scatterers  bounded  by  a  smooth  surface  the  index 
a  is  exactly  4  [6].  As  evident  from  fig,  4  for  all  measured  samples  the  scattered  amplitude  ts 
indeed  a  power  function  of  angle  with  not  integer  index  a.  The  uncertainty  m  the  exponent  is 
about  0.1  as  estimated  from  data  reproducibility.  The  observed  angular  dependence  of  scatter^ 
intensity  is  typical  for  small-angle  scattering  by  fractal  structures  [7,8].  We  believe  that  the 
fractal  structure  that  scatters  X-rays  is  a  material  containing  scatterers  with  smooth  or  fracta 
boundary  surfaces.  According  to  *he  model,  at  3-a<4  the  exponent  a  is  related  to  the  fract^ 
dimension  D  of  scatterers  by  D-6+a  (scatterers  with  firactal  boundane3)[7,8j  For  the  case  a  '>4 
the  exponent  a  defines  the  exponent  Y=7-a  describing  the  distribution  P(r)  of  scatterers  with 

smooth  boundary  surfaces  of  radius  R  [8]:  P(R)~R'^  ...  • 

At  low  copper  concentration  the  cluster  urface  is  smooth  and  with  increasing  of  copper 
content  cluster  surface  changes  its  shape,  i.e.  the  cluster  surface  acquires  a  fractal  character. 

CONCLUSIONS 

a)  Optical  method  of  analysis  of  specific  optical  absorption  bands  in  copper-doped  a-C:H  can  be 
used  to  find  sizes  and  shapes  of  conductive  copper-containing  dusters  ^d  to  estimate  their 
SDFs  b)  The  Gaussian  curve  reasonably  fits  experimental  data  of  TEM  SDF  at  ccp^r 
concentration  about  of  9%.  This  indicates  nucleation  stage  of  conductive 
the  samples  wich  copper  concentrations  lying  below  the  percolation  threshold,  c)  TEM  SDF  at 
9%  copper  coincide  well  with  optical  one;  d)With  increasing  copper  content  copper  clusters 
deform  their  shape, '  e.  cluster  surface  acquires  a  fractal  structure. 
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Time-ResoWed  Luminescence  of  Porous  n-InP 

K.Chemoutsar^  V.Dneprovskii,  V.Karavanskii*,  O.Shaligina,  E.Zhukov 

Moscow  St. University,  Dept,  of  Physics,  1 19899  Moscow,  Russia 
Fax:  7-095-939-3731,  E-mail;  dnepr@scond.phys.msu.su 
"General  Physics  Institute,  11/942  Moscow,  Russia 

Time  resolved  luminescence  of  porous  n-  Ird*  excited  by  picosecond  pulses  of  the 
second  harmonic  (R©  =  2,34  eV^  of  Nd-glass  laser  (pulse  duration  about  8  ps)  has  been 
investigated  using  stret.!c  camera  with  5-10  ps  time  resolution. 

The  observed  kinetics  of  iuntinescence  has  been  explained  by  three  mechanisms  of 
recombination  in  nanostructures:  linear,  bimolecular  and  Auger  process. 

The  samples  of  porous  InP  have  been  obtained  by  electrochemical  etching  of  n-InP  (100) 
substrate. 

The  luminescence  spectra  of  porous  InP  (broad  band  with  maximum  at  580  nm  Fig.l) 
excited  by  powerfld  picosecond  pulses  are  shifted  to  the  blue  spectral  region  compared 
v/ith  that  of  the  bulk.  This  shift  allows  to  estimate  the  average  size  of  nanostructures:  the 
diameter  is  about  6  nm  (4  nm)  if  the  luminescence  of  quantum  dots  (  cylindrical  qu:%ntum 
wires)  is  assumed. 


Wavelegth  (nm) 


Fig.  1 .  The  spectrum  of  porous  InP  luminescence  and  cf  the  trace  of  the  pumping  pulse. 
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The  kinetic  properties  of  the  intensity  of  luminescence  differ  for  low  and  high  levels  of 
laser  excitation.  In  the  Fig.3  the  dependence  of  the  intensity  of  luminescence  upon  time  is 
shown  for  nigh  excitation. 


Three  characteristic  parts  of  the  decay  may  fse  analyzed.  For  relatively  fast  first  part  of 
the  decay (the  instant  t^laxation  time  of  the  intensity  of  luminescence  r/W 
(dl  /  di) r  ).  Thus  taking  into  account  that  /  -  iV  ^  (/i/  is  the  density  of  the 

excited  carriers)  one  can  obtain -(tOV  /dy '-  iV  *  ;  ^  -biiriolecular 

recombination.  For  the  second  fast  part  of  the  decay  /  ~  t  ,  r/  ~  / '  and  -(dl^/di)  ~  N 
-  Auger  process.  The  slow  decay  at  low  density  of  the  excited  earners  may  be 
attributed  to  the  linear  reeombinatioti  (  r/  =  const.).  The  obtained  results  allow  to 
suppose  that  the  accumulation  of  carriers  probably  takes  place  at  the  6rst  stage  of  the 
relaxation.  4.t  the  intermediate  level  of  excitation  (l*ig.4)  the  obtained  results  could  be 
explained  only  by  bimolecular  and  linear  recombination. 
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The  carrier  confinement  in  semiconductor  nanostructures  is  expected  to  enhanced  th" 
efficiency  of  photoluminescence.  Probably,  the  highest  quantum  yield  (60%)  of  quantum 
dots  photoluminescence  has  been  observed  for  InP  quantum  dots  in  colloid  [1].  Our 
experiments  have  shown  that  the  intensity  of  poroi'S  InP  luminescence  is  poor.  It  may  be 
because  of  the  enhanced  influence  of  the  surface  states  in  porous  InP  nanostructures 
(quantum  dots  and  quanturh  wires).  The  surface  states  quench  the  luminescence  through 
rapid  surface-state  trapping  and  nonradiative  reconibination  of  excited  carriers.  Another 
explanation  of  the  poor  luminescence  of  porous  InP  may  be  the  retardation  of  carriers’ 
relaxation  nanostructuresp]  and  the  relative  increase  of  nonradiative  recombination 
probability. 

The  measured  intensity  of  luminescence  (i)  depends  upon  the  intensity  of  excitation 
(S)  (Fig.2).  It  is  linear  at  low  excitation  and  nonlinear  (/  ~  5  at  high  excitation. 


Fig.2.  The  dependeiice  of  the  porous  tnP  intensity  of  luminescence  upon  the  pumping 
intensity. 
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Fig.4.  Time  resolve.^  intensity  of  porous  InP  luminescence  ?t  the  middle  level  of 
excitation. 
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Nonlinear  Optical  Properties  of  Semiconductor  Quantum  Wires. 

V.Dneprovskii  and  E.Zhukov 

Moscow  St  University,  Dept  of  Physics,  i 19899  Moscow,  Russia; 

Fax:7-095-939373 1;  E-mail;  dnepr@scond.phys.msu.su 

Picosecond  pump  and  probe  laser  saturation  spectroscopy  method  [1]  has  been  applied  to 
investigate  the  physical  processes  leading  to  strong  dynamic  optical  nonlinearities  of 
semiconductor  quantum  wires  (QWRs). 

In  QWRs  different  nonlinear  processes  may  compete  and  coexist:  the  dynamic  Burstein-Moss 
saturation  effect  of  one-dimensional  energy  bands,  renormalization  of  the  energy  gaps  at  high 
density  of  the  excited  carriers;  bleaching  and  broadening  of  the  exciton  absorption  line  due  to  the 
phase  space  filling  and  screening  of  excitons;  quantum-confined  Stark  effect  of  excitons,  etc. 

We  have  used  the  samples  containing  GaAs  and  CdSe  QWRs.  Molten  semiconductor  material 
was  injected  and  crystallized  in  the  hollow  cylindrical  6  nm  diameter  cchannels  of  crysotile- 
asbestos  [2].  A  sample  is  a  regular  close  packed  structure  of  parallel  crysotile-asbestos  30-nm- 
diameter  nanotubes  filled  with  ultrathin  crystalline  semiconductor  wires  .  The  diameter  of ’the 
wires  is  comparable  with  the  de  Broglie  v/avelength  of  the  electron.  The  size  of  the  samples  and 
the  concentration  of  QWRs  enable  the  spectra  of  both  linear  and  nonlinear  absorption  to  be 
measured. 

Bleaching  bands  have  been  observed  in  the  differential  transmission  (DT)  spectra  of  GaAs 
QWRs  (Fig.  1)  [3], 

E,  eV 

2.2  zo  1.8  1.8 


Fig.  1. The  linear  absorption  and  differentia!  transmission  (zero  delay  between  die  pijnipiUjT 
probing  pulse.*;)  of  GaAs  QWRs  crystalliz  J  in  crysotile  asbestos  nanotnbcs. 
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The  low  energy  band  (1.67  eV)  has  been  registered  only  for  some  parts  of  the  samples  (the 
exciting  and  probing  beams  could  be  scanned  along  the  suface  of  the  samples).  The  energy 
positions  of  these  bands  coincide  with  corresponding  “hills”  and  “shoulder”  in  the  h’near 
absorption  (LA)  spectra.  The  induced  bleaching  bands  1.85  eV  (Fig.2.a)  and  2.15  eV  disappear 
over  50  ps.  The  relaxation  time  of  the  lower  energy  1.67  eV  band  is  shorter  and  could  not  be 
measured  because  of  the  insufficient  time  resolution  of  our  system 

It  may  be  shown  [1,2]  that  for  GaAs  QWRs  of  3  nm  radius  the  bleaching  bands  1.85  eV  and 
2.15  eV  correspond  to  the  saturation  of  the  transitions  between  the  heavy  hole  one-dimensional 
band  and  the  lowest  conduction  subband  and  to  the  split  off  by  spin  orbit  coupling  valence 
subband  and  the  lowest  conduction  subband.  As  can  be  seen  in  Fig.2.a  the  1.85  eV  bleaching 
band  of  DT  spectrum  broadens  -  the  low  eneigy  side  sMfts  to  the  longer  wavelength  part  at 
liigher  excitation.  The  values  of  the  energy  shifts  depend  upon  the  delay  between  the  pumping  and 
probing  pulses  and  attain  maximum  at  zero  delay  (at  the  highest  plasma  density). 


650  700 

A,  nm  ' 

Fig  2, a  The  difterential  transmission  spectra  of  GaAs  QWRs  (1.85  eV  bleaching  band)  at 
different  delays  between  the  pumping  and  probing  pulses;  (-13  ps)  -1,  0  ps  -2,  20  ps  -3,  5Q  ps  -4. 

One  may  attribute  these  energy  shifts  to  the  band  gap  renormalization  that  arises  at  high  density 
of  the  optically  excited  nonequilibrium  carriers.  The  observed  relative  energy  shifts  may  be 
compared  (Fig.2.b)  with  the  values  of  GaAs  QWRs  band  gap  shrincage  obtained  by  S.  Benner  and 
H.  Kaug  [5].  They  have  culculated  the  band  gap  shrincage  of  GaAs  QWRs  In  the  presence  of  high 
density  e*  ctron-hole  plasma  (Fig.l  in  [5]).  The  band  gap  renormalization  is  shown  (Fig.2.b  -  full 
line)  as  a  function  of  the  plasma  density.  The  comp.'irison  of  (he  values  of  obtained  relative  energy 
shifts  ^villl  ll;e  theoreii:  a!  curve  allows  to  conclude  that  the  ma^(inlum  band  gap  shrincage  in  our 
rns'  i.s  about  m^V 
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Fig.2.b.  The  energy  shift  of  GaAs  QWRs  nonlinear  absorption  1.85  eV  band  at  different  levels  of 
excitation  and  the  culculatcd  [5]  dependence  of  GaAs  one-diomensional  energy  gap  shrinkage 
(£q  and  aQ  are  the  exciton  binding  energy  and  Bohr  radius  of  bulk  GaAs). 

The  registered  bleaching  band  1.67  eV  in  the  low  energy  part  of  the  DT  spectra  (Fig.l)  may  be 
attributed  to  the  "saturation”  of  excitons  in  GaAs  QWRs  (phase-space  filling  eftect).  The  presence 
of  high  density  electron-hole  plasma  causes  a  bleaching  of  excitonic  resonance  -  reduces  the 
effective  electron-hole  attraction  by  screening  and  phase-space  filling.  Space-phase  filling  is  more 
efficient  in  QWRs  than  Coulomb  screening  [4,5].  The  space-phase  filling  effect  arises  because  an 
exciton  consists  of  an  electron  and  a  hole,  each  of  which  obeys  the  Pauli  exclusion  principle. 
Hence  only  those  electron-hole  states  may  be  used  for  the  exciton  creation  that  are  not  yet 
occupied  by  free  carriers.  The  screening  effect  leads  to  the  spatial  rearrangement  of  the  electrons 
and  holes  which  is  strongly  restricted  in  QWRs. 

The  energy  position  of  the  "excitonic”  bleaching  band  allows  to  estimate  the  binding  energy  of 
exciton  of  GaAs  3  nm  radius  QWRs  in  crysotiie  asbestos  matrix;  130-160  meV.  The  increase  of 
the  excitonic  binding  energy  may  be  explained  not  only  by  quantum  confinement  but  also  by  the 
“dielectric  confinement”  [6].  The  image  potentials  that  arise  due  to  the  difference  in  the  dielectric 
constants  of  semiconductor  QWR  and  dielectric  matrix  become  essential.  They  result  in  the 
marked  increase  of  the  electron-hole  attraction.  The  binding  energies  of  excitons  in  the  cylindrical 
QWRs  have  been  culculated  in  [6]  as  a  function  of  the  wire’s  radius  and  dielectric  constants  of 
semiconductor  and  surrounding  dielectric,  For  GaAs  QWRs  in  dielectric  matrix  with  dielectric 
constant  ^=2.3  the  culculated  binding  energy  of  exciton  is  about  130-140  meV.  The  measured 
value  of  the  exciton  binomg  energy  of  GaAs  QWRs  in  crysotiie  asbestos  nanotubes  is  in  good 
agreement  with  that  culculated. 

As  it  is  pointed  above  the  ‘excitonic”  1.67  eV  bleaching  band  has  been  observed  only  for  some 
parts  of  the  excited  samples.  It  may  be  explainei  by  nonuniform  filling  of  crysotiie  asbe.s'ios 
nanotubes  with  crystallized  GaAs  .  Only  some  parts  of  the  samples  contain  nanowii  es  whose 
length  considerably  exceeds  the  Bohr  radius  of  exciton. 

For  CdSe  QWRs  in  crysotiie  asbestos  nanotuue.s  the  LA  and  D T  spectra  are  shown  in  ri|.'  3 
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Fig.3.  The  linear  absorption  and  differential  transmission  (  at  zero  and  7  ps  delay  between  the 
p'  nping  and  probing  pulses)  of  CdSe  QWRs  crystallized  in  crysotile  asbestos  nanotubes. 

The  energy  position  of  the  “hills”  of  LA  spectrum  and  the  bands  of  DT  spectrum  (1.7  eV  and 
2.05  eV)  allow  us  to  attribute  them  to  the  linear  and  nonlinear  absorption  of  excitons  (with 
binding  energy  about  200  meV)  in  3  nm  radius  cylindrical  CdSe  QWRs  (1.7  eV)  and  to  the  linear 
and  nonlinear  (state  filling)  absorption  at  the  frequency  of  the  optical  transition  heavy  holes  of  one 
dimensional  energy  band  -  the  first  subband  of  electrons  (2,05  eV). 

The  blue  shift  of  the  “excitonic”  1,7  eV  band  of  the  DT  spectrum  and  the  increase  of  absorption 
in  its  vicinity  in  the  case  of  higher  density  of  the  excited  plasma  (compare  the  DT  spectra  in  Fig.3 
obniined  with  different  optic-al  delays  between  the  pumping  and  p^'ching  pulses)  may  be  explained 
^following  [5] )  by  the  joint  action  of  the  electric  field  and  high  density  electron-hole  plasma.  The 
electric  field  probably  arises  due  to  carriers  localized  in  the  lateral  barrier  region  that  contain 
imperfections  and  impurities  [5].  For  the  large  lateral  electric  field  the  Stark  effect  dominates  and 
the  e.xciton  absorption  peak  shifts  red.  For  increasing  high  density  of  a  thermal  electron-hole 
plasn.  :^  and  with  applied  Jectric  field  the  Hartry  term  (the  reduction  of  the  electron-hole 
interact,  jn)  shifts  the  excitonic  absorption  peak  to  higher  energies  due  to  the  violation  of  charge 
neutrality  [5j.  . 

This  research  was  made  possible  in  part  by  Grant  96-2-17339  of  the  Russian  Foundatlori  for 
Fundamental  Research  and  Grant  of  the  Russian  Ministry  of  Science  program  “Physics  of  Solid 
Nanostructures”. 
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We  report  the  observation  of  a  size-induced  transition  (from  Zincblende  phase  to 
Wurtzite)  occurring  in  CdSSe  nanocrystailites  (quotum  dots)  of  radius  4  -  5  nm.  This  problem 
for  the  II- VI  semiconductor  crystallites  was  discussed  in  [1-4]. 

The  investigated  CdSxSei-x  quantum  dots  were  grown  in  a  matrix  of  multicomponent  oxide 
borosilicate  glass  by  corurolled  heat  treatment  in  the  range  600-710  C  [5].  The  stoichiometric 
p^ameter  x~0.23  was  determined  by  the  resonant  Raman-scattering  measurements  at  77K. 
The  average  nanocrystallites  radius  of  samples  varied  from  1.5  to  6  nm.  The  quantum  dot 
size  and  the  size  dispersion  determined  by  the  temperature  and  duration  of  the  thermal 
annealing  were  obtained  by  transmission  electron  microscopy  (TEM).  TEM  observations  were 
made  by  a  JEM  2010  electron  microscope  working  at  200  kV.  The  bright  field  images  and 
related  size  histograms  obtained  from  the  samples  A '  (witn  a  heat  treatment  at  650  C  for  1 
hour)  and  B  (with  a  heat  treatment  at  710  Cfor  1  hour)  are  shown  in  Fig. I.  Information 
on  the  crystallographic  phase  of  nanocrystallites  has  been  obtained  by  the  small  area  electron 
diffraction  (SAD)  observations.  SAD  measurements  were  performed  by  selecting  the 
suitable  spot  size,  convergence  angle  and  condenser  aperture  in  order  to  obtain  the  diffiaction 
patterns  from  chosen  areas  of  about  100  nm  in  diameter  with  a  beam  approximately  parallel 
(the  convergence  angle  was  of  about  5  X  10'^  rad). 

The  quantitative  analysis  of  the  ring  sequences  obtained  from  the  typical  S*AD  patterns  is 
summarised  in  Tables  I,II  .  It  indicates  that  the  smallest  quantum  dots  have  ZB  structure 
whereas  larger  dots  have  W  structure.  The  transition  from  the  ZB  phase  to  the  W  phase  occurs 
at  the  radius  4-5  nm.  Consistently,  the  sample  B  exhibits  a  mixed  SAD  patterns  which  include 
both  the  ZB  and  W  rings  (see  Table  II). 

Notice  that  the  sairjples  A  and  B  were  produced  at  the  differisit  annealing  temperature  .  In 
order  to  elucidate  the  influence  of  the  temperature  on  the  structure  of  produced  CdSSe 
nanocrystallites  x-ray  diffraction  measurements  were  performed  at  the  samples  with  the  same 
annealing  temperature  and  the  different  duration  of  a  thermal  treatment.  X-ray  diffraction 
measurements  were  performed  over  a  range  of  2©  from  40  to  52®  using  an  automated  step- 
scanned  diffractometer  DRON-3.  Because  of  the  small  fraction  of  microcrystdlites  in  the  glass, 
only  the  samples  witi’  a  big  mean  quantum  dot  radius  (when  almost  all  semiconductor 
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Figure  1.  Bright  field  images  and  related  size  histograms  of  the  samples  A  (with  a  heat 
treatment  at  650  C  for  1  hour)  and  B  (  with  a  heat  treatment  at  710  C  for  1  hour). 


Table  I.  Identifjcation  of  tJie  diffraction  rings  obtained  ffocn  the  sample  A.  The  "ring  labels" 
correspond  to  the  number  of  the  ritigs  of  SAD  patterns.  Rn/R,  is  -Ihe  ratio  between  the  radius 
of  the  N-tfa  diffi  action  ring  and  tlie  radius  of  the  first  dug.  The  R^/Ri  sequence  is  ccnsistent 
with  the  di/dN  ratios  calailated  for  ''  Zincblende  crystal.  Since  X  L-Rc/  we  have: 

^  js  the  electron  wavelength,  I.,  is  the  camera  length,  d  is  the  distance 
between  relevant  crystal  planes).  The  Miller  indices  of  the  identified  reflections  are  reported  on 
the  last  column  of  the  table. 


Politype 

Ring  label 

— 

Rj'j/'Ri 

di,/dN 

Miller  indices 

(hkl) 

1 

1.0 

(111) 

'  ■ 

2 

1,15 

(200) 

Zincblende 

.3 

1.64 

1.63 

(220) 

Structure 

4 

1.93 

1.92 

(311) 

5’ 

2.02 

^  2.0 

(222) 

6 

2.31 

^  .  2.,,  ;  ■ 

(400) 

7 

2.54 

2.52 

(531) 

8 

2.82 

.2.83 

(42?) 

Table  n.  Identification  of  the  diffraction  rings  obtained  from  the  sample  B.  Two  sets  of  rings 
have  been  identified  on  the  diffraction  pattern;  one  set  (1-5)  of  the  weak  patterns  comes  from 
the  ZB  strucbiral  modification,  and  the  other  (a-t)  of  the  strong  patterns  from  the  W  structural 
modification.  In  the  later  case  the  sequence  of  Rn/Rj  ratios  agrees  well  with  the  dj/dN  sequence 
calculated  for  a  CdSo.23Se  0.77  Wurtzite  crystal  with  c/rF=1.63  in  cur  case  {a,  c  the  lattice 
constants  of  the  Wurtzite  cell).  The  Miller  indices  of  the  identified  leflections  are  reported  on 
the  last  colunm  of  the  table. 


Politype 

Ring  label 

Rn/Ri 

di/dN 

Miller  indices 
(hkl) 

a 

1.00 

1.00 

(10.0) 

b 

1.74 

1 73 

(11.0) 

Wurtzite 

c 

2.02 

2,0 

(20.0) 

Structure 

d 

2.66 

'  2.65 

(2  to.) 

e 

3.00 

3.00 

(.50,0) 

_  ,  , 

f 

3,48 

3.46 

(22.0) 
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(  continuation  of  the  Table  II  ) 


Zincblende 

structure 

1 

1.00 

1.00 

(HI) 

2 

1.63 

1.63 

(220) 

3 

1.91 

1.92 

(311) 

4 

2.81 

2.83 

(422) 

5 

3.26 

3.27 

(440) 

material  is  incorporated  in  the  crystallites)  give  a  measurable  signal.  Three  relatively  difilise 
peaks  are  observed  on  a  sloping  background  of  diffraction  of  glass  in  the  case  of  the  sample  C 
v.'ith  a  heat  treatment  at  650  C  for  1 10  hours  .  These  peaks  are  identified  as  reflections  from 
the  (1 1.0),  (10.3),  and  (20.0)  planes  of  the  hexagonal  W  structure.  The  mean  nanocrystallites 
radius  of  sample  C  exceeded  5  nm.  Hence,  the  samples  A  and  C  produced  at  the  same 
annealing  temperature  1=650  C  but  with  the  different  annealing  time  (sample  A-  1  hour, 
sii.nple  C-  1 10  hours)  have  revealed  the  different  crystal  structure  (sample  A  -  ZB,  sample  C  - 
W),  Tliesc  and  other  X-ray  diffraction  data  confirmed  a  prevailing  size  dependence  of  the 
cr>’.stallite  structure. 

It  has  been  found  that  the  ultra  small  CdSSe  cluster  are  nucleated  and  developed  in  the 
cubic  ZB  phase  by  annealing  of  the  investigated  glass.  As  the  radius  of  quantum  dot  exceeds 

ap  Toximately  4  -  5  nm  the  phase  transition  from  ZB  to  W  structure  occurs. 

The  observed  experiinenial  results  may  be  interpreted  qualitatively  in  terms  of  the  surface 
energy  associated  voth  the  broken  bonds,  defects  and  stress  at  the  interface  nanocrystallite- 
glass  The  quantum  confinement  effects  could  ph-/  an  important  role  at  this  case.  The  surface 
euerfry  of  the  small  crystallites  with  ZB  structure  is  less  than  one  in  the  case  of  the  W 
crystallites,  ihus  ZB  phase  is  a  peculiar  property  of  the  ultra  small  dots.  With  increasing  of  the 
nanociy'stallite  size  the  relative  contribution  of  the  surface  energy  in  the  total  cluster  energy 
decreases  and  a  consequent  transition  occurs  from  the  ZB  structure  to  the  bulk  W  structural 
modification. 
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MACROSCOPIC  ELECTRIC  PROPERTIES  OF  POLYDIACETHYLENE 
NANOSTRUCTURES 
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lofife  Physico-technical  Institute  Russian  Academy  of  Science 
194021,  Pofytehkiiicheskaya  26,  St  Peti^rsburg,  Russia 

The  conducthity  of  any  conductive  polymer  has  its  origin  in  transport  of  a  free  canier 
(soliton  or  bipolaron)  along  a  conjugated  sequences  in  polymer  molecules.  Tnese  sequences  can 
be  considered  as  a  quasi-one-dimensional  wires.  The  length  of  such  a  “wire”  is  equal  to  the  length 
of  conjugation  and  reaches  1.5-15  nm  (10-100  C=C  bonds)  in  “good”  conducting  pofymers. 

In  accordance  with  the  present  view,  fitie  Liffective  carrier  mobility  along  a  conjugated  sequence  is 
sufficiendy  lugh  (see,  for  distance  [1]).  The  realisation  of  macroscopic  conductivity  requires, 
however,  not  only  transferring  carriers  along  a  conjugated  length  but,  also,  tlteir  transport  from 
one  to  another  quantum  wire  inside  of  one  and  the  same  fibril  as  well  as  between  the  fibrils.  These 
processes  are  complicated  and  far  of  being  fuQy  understandable. 

Nevertheless,  a  lot  of  different  devices  ai  e  alreatfy  designed  on  the  basis  of  conducting 
polymers  including  field  transistors,  transistors  with  a  permeable  base,  bipolar  transistors,  light 
emitting  diodes  and  a  set  of  other  devices  analogous  to  the  semiconductor  ones  (see,  for  tnstimcc, 
f2,33). 

Recently,  in  a  paper  [4]  a  new  approach  to  the  doping  of  polyd;acethylene  (the  only  class 
of  conjugated  polymer  capable  to  solid  slate  polymerisation)  has  been  proposed.  ITie  effectiveness 
of  the  proposed  approach  has  been  demonstrated  for  polymer  single  crystals  of  polydiacetyhylene 
poly(l,l,6,6-tetraphenilhexadyindiamin),  briefly,  PDA  tHD,  Earlier,  even  the  principal  possibility 
of  doping  PDA  TTID  has  not  been  oMious. 

Besides  ofthe  well  known  problems  with  PDA  doping  caused  by  its  high  cty  stuliinily  and 
dense  packing  of  macromolecules  in  crystals,  PDA  THD  is  characterized  by  large  geometrical  sizes 
6f  the  side  groups,  which  hinders  the  transport  of  carriers  between  the  quanaim  wires.  Therefore, 
one  could  hardfy  expect  the  macroscopic  conductivity  in  PDA  THD  even  when  its  doping  is 
effective. 

In  the  paper  [4]  not  only  principal  possibility  of  PDA  THD  doping  was  proved  but  a 
record  high  value  of  conductivity  for  PDA  (3-10'^  S/cm)  has  been  reached. 

In  the  iM-esent  paper  the  electrical  and  noise  properties  of  doped  PDA  THD  are  investigated  for  the 
first  time.  (An  undoped  crystals  were  synthesised  in  St.Pctersburg  State  Untveisity.) 

SAMPLES. 

The  original  needle-like  sitigle  crystals  of  PDA  THD  with  thc  -^ength  (I  .)  of  l-3-;  5  mm  and 
0.3^  0.5  mm  in  diameter  (d)  have  been  exposed  to  twofold  disintegratior  in  an  electrical  mill.  Ihi.s 
treatment  resulted  in  significant  reduction  of  both  the  crystal  length  (down  to  30  r  50  pm)  ami  their 
diameter  (down  to  3f5pm).  PDA  tablets  for  investigations  have  been  produced  by  the 
compression  and  have  been  doped  in  iodine  vapour  at  70°  C  over  48  houre 
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RESIJI.TS  AND  DISCUSSION 

StabiHty  of  conductivity.  The  highest  d.c.  coadur.tivit>'  demonstrated  by  as-tioped  samples  has 
been  better  dsan  5- 10'^  S/cm.  The  value  of  d.c.conditetivjtj’  first  reduces  with  lime  and  thereupon 
stabilised  in  the  course  of  time  off.  ITte  relation  of  a  stable  conductivity  CTo  to  the  maximum  value 
of  conductivitv'  a™  has  a  significant  dispersion  from  one  fcamplc  to  another  one  and  depends  on 
conditions  of  their  preparation.  This  relation  is  equal  of  about  0,2  for  the  best  samples,  the 
characlcj.istic  time  of  stabilisation  being  tens  of  hours. 

When  a  non-optimum  doping  regime  is  realised, 
a  fall  in  conducth/ity  with  lime  was  obsen  ed  during 
weeks  and  sometimes  even  during  a  month.  The 
relation  0c/o’m  may  be  equal  <  10'^. 

C.'urrent-voltage  characteristics.  I-V  characteristics 
reveal  a  marked  supcrlinearity  at  d.c.  bias  U>1  V 
(Fig-l).  Tliis  effect  is,  most  likely,  attributed  to 
ssWhealing  of  the  samples  by  passing  current.  Indeed, 
oi.  ihe  one  hand,  o  increases  with  temperature,  on  the 
other  hand,  I-V  characteristics  are  linear  at  puI  'J  testing 
up  to  U  ~  100  V,  which  correspond, s  to  the  electrical 
field  H  ==  U/I.  -  K/  V/cm  (see  an  inset  in  Fig.  1). 

It  is  wortlry  to  note  that  I-V  characteristics  of  those 
satrapies  in  which  the  resistance  grows  with  time  by  3+4 
orders  of  magninidc,  demonstrate  the  deviation  from 
ohmic  behaviour  on  direct  current  at  practically 
invariant  U  values  (though  tlie  current  passing 
t1uo’-gh  the  samples  change  with  time  upon  the 
s  'mc  U  by  3+4  ordere  of  magnitude). 

This  allows  to  suggest  a  perxiolalion  tonductivity  in 
doped  PDA  THD  samples. 

Upon  increasing  resi.stance  the  number  of  the  ' 
condustipig  ways  reduces.  The  current  density 
ar.ro.<;s  ttie  ren^ained  chains  of  skeleton  of  an  intinitc 
cluster  Ls  practically  constant 

Hie  resistance-presvure  dependence.  A  well  5  io-i  2  5  jO-^2  5 

pronounced  anisotropy  of  conductivity  has  been  ‘  /cA)  ' 

revealed  when  measuring  conducth'ity  of  the  ¥ig.2 

•samples  under  pressure.  A  curve  1  (FIg.2)  The  dependence  of  the  relative 
coirespnnds  to  the  resistance-pressure  dependence  resistance  of  the  sample  on  the  uniaxial 
R.(P;  mca-sured  along  of  applied  pressure.  One  can  pressure. 

see  tha!  at  once  resistance  decreases  with  pressure  j  .Resistance  has  been  mca.sored  along 
increasing  up  to  P  <  0,5  kBar  and  then  pressure  (r1  |P), 
mcncdoni’cally  increases  with  further  pressure  2.Resistance  has  been  measured  across 
incit:,a’.ing.  rcsist-ynoe  growth  being  irreversible.  One  pressure  (R.1P) 
m.w  ti-.al  the  latter  i.s  associated  with  gradual 


dc  ourrenl-volfage  characteristic  of 
PDA-THD.  300  K. 

The  insert  represents  the  pulse 
current-voltage  characteristic.  Pulse 
duration  t=200  ns.  Repetition 
frequency  f^lO  Hz. 
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destroying  of  conductiviiy  in  a  direction  of  applied  pressure.  At  the  same  tinte,  the  conductivity 
measured  in  perpendicular  direction  increases  with  pressure  increasi’^g  and  at  P  4  Kbar  stabilises 
teaching  ilic  value  gieater  than  the  initial  one  b>'  a  factor  of  5.  Any  destruction  ha.s  not  been 
observed  in  this  direction.  The  preliminary  WAXS  study  reveals  a  plane  texture  in  the  samples 
^posed  to  uniaxial  pressure. 

kecently  it  was  found  [4]  that  in  spite  of  perfect  external  geometrical  shape, the  needle-like  PDA 
THD  crystals  liave  not  a  homogeneous  internal  structure  typical  of  true  single  crystals.  T’^ey 
corrsists  of  densely  packed  microfibrils,  30^50  nm  in  diameter.  One  can  assume  that  the  external 
pressure  hinders  hopping  conductivity  between  neighbouring  microfibrils,  not  significantly 
chan^ng  the  coherent  traiisport  of  the  charge  carriers  along  “quantum  wires”  on  a  conjugated 
length. 

IjOW  frequency  resistance  fluctuations.  The  low  frequency  noise  was  measured  over  tlie 
ficqucncy  range  from  20  Hz  up  to  5  kHz,  in  the  temperature  range  from  200  up  to  300  K  and  in 
the  pressure  range  from  0,2  up  to  1  kBar.  In  the  whole  ranges  of  above  mentioned  parameters  the 
frequency  dependence  of  the  nmse  spectra!  density  S  appeared  to  be  proportional  to  1/f  (tliv'-ker 
noise).  Fig.3.  represents  the  dependence  of  S  versus  current  I  for  two  samples  of  PDA  THD  at 
f=80  Hz.  The  spectral  noise  density  1/f  for  amorphous  and  polyciystalline  materials  is  nsually 
characterise  by  the  generalised  Hooge  equation: 

SiCO-otl^^^/Nf 

where  a  :s  the  Ho<^e  constant  which  depends 
on  temperature  and  frequency  anab^is,  N  is 
the  total  number  of  the  charge  carriers  in  a 
sample. 

As  far  as  we  know,  the  dependence  S~I*  (p”0) 
typical  of  “classscal”  metals  and 
semiconductors  never  has  been  observed  for 
Conducting  polymers.  It  is  seen  in  F^.3  that  the 
values  p  for  PDA  THD  are  in  a  range 
0<p<-i. 

In  the  temperature  range  from  200  up  to  300  K 
Si  weakly  depends  on  temperature. 

The  value  of  the  Hoc^e  constant  a  can  be 
estima^  fron  the  data  for  conductivity  and 
mobility  (or  concentration)  of  charge  carriers  in 
polymers.  Taking  values  of  mobility  jx  =  5 
cmWs  [6]  ,  measuring  vesistani  .  R  and 
knowing  the  tluckness  of  a  sample  one  can  calculate  the  amount  of  charge  carriers ;  N  l//ii|iR  w 
I.2-10*’’.  lire  estimations  of  a  value  gives  a  ~  10+20. 

This  is  a  quite  rca.sonable  value  for  such  a  disordered  materia!  as  PDA  THD. 


The  dependence  of  current  spectral  detrsity 
versus  current  I  for  two  samples  PDA  'I'MT)  at 
300  K,  f=80  Hz.  Dashed  Une  show's  the  .‘ilopc 
Si~ll 


4ul 


Summery 


Tiie  first  inver^igation  of  elsclric  proportips  of  PDA  THT3  evidences  a  percoiation  cliaracter  of 
conductivity  in  doped  polydiacethylene  TIED.  Uniaxial  pressure  P>2  kBar  results  in  destruction  of 
percolation  system  and  loss  of  couducthity  in  the  direction  tterpendicular  to  the  long  axis  of  PDA 
niD  single  ciystals.  The  conductivity  ^ong  single  crystal  axis  (along  inicrofibrils)  does  not 
decreags  therewith  even  at  the  pressure  P  ^  4  kBar.  A  study  of  low  frequency  fluctuations  of 
resistance  also  indicates  a  percolation  type  of  conductivity.  Noise  level  is  characterised  by  the 
1  looge  constant  a  equal  to  about  20. 

This  Research  is  supported  by  Russian  Foundation  of  Basic  bivestigadon  (grant  N  96- 03-32462-a). 
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It  is  well  known  that  porous  silicon  (PS)  formed  in  an  electrochemical  process 
consists  of  silicon  wires  with  diameter  of  several  nanometers  [l].  According  to  theoretical 
predictions  [2,3]  stable  excitons  can  exist  in  PS  even  at  room  temperature  because  of  high 
binding  energies  of  Eexc-  A  visible  photoluminescence  (PL)  in  this  material  is  associated 
by  many  researches  with  radiative  annihilation  of  the  excitons  [3,4].  However  an 
experimental  observation  and  investigation  of  the  excitonic  states  is  rather  complicated 
due  to  a  singularity  of  density  of  states  for  one  dimensional  objects  [2]  and  a  dispersion  of 
the  wires  dimensions  in  the  PS  structure  [1,3].  At  the  same  time  it  is  known  that  the 
excitonic  states  in  semiconductor  nanostructures  are  very  sensitive  to  dielectric  properties 
of  an  ambient.  In  particular,  the  value  of  Eexc  increases  in  semiconductor  quantum  wires  if 
the  dielectric  function  of  the  ambient  s  is  less  than  that  of  the  wire  material  [4]. 

In  the  present  work  kinetics  of  PL  and  free  carrier  IR  absorption  under  pulse 
photoexcitation  of  PS  kept  in  a  vacuum  or  dielectric  ambients  have  been  investigated.  The 
explanation  of  the  data  obtained  is  based  on  a  model  that  suggests  the  existence  of 
photoexcited  electrons  and  holes  both  in  bound  and  free  states.  The  relation  between  these 
components  depends  on  the  dielectric  properties  of  the  silicon  quantum  wires 
surroundings. 

The  samples  of  PS  formed  in  the  electrochemical  reaction  of  an  anodization  of 

single  crystal  silicon  v/afers  of  p-type  in  a  HF  acid  solution  [1]  were  used.  According  to 

electron  microscopy  and  Raman  scattering  data  the  samples  consisted  of  silicon  wires  and 
clusters  with  cross-section  of  2-5  nm.  An  IR  spectra  measurement  showed  that  surface  of 
•nanostructures  was  mainly  covered  by  hydrogen.  Under  steady  state  excitation  the 
samples  displayed  a  visible  PL  but  the  quantum  efficiency  of  the  PL  was  less  than  several 
percent,  that  indicated  the  dominant  role  of  the  nonradiacive  recombination. 

The  kinetics  of  the  PL  and  IR  absorption  by  the  free  nonequilibrium  carriers 

(FNC)  were  measured  using  N2  pulse  laser  (337  nm.  10  ns)  as  the  excitation  source.  The 

PL  was  registered  with  a  nano.second  time  resolution  in  a  wave  length  range  ot  350-850 
nm.  FNC  IR  absorption  was  observed  with  a  microsecond  time  resolution  as  a  variation  of 
transmission  of  a  probe  He-Ne  laser  beam  (3.39  pm).  The  beams  of  the  N2  and  He-.Ne 
lasers  were  focused  on  the  same  point  on  the  PS  surface.  Tlie  signals  of  PL  and  FNC  IR 
absorption  were  measured  “in  situ"  for  the  samples  kept  in  the  vacuum  (-10  '^  Pa)  or  in 
saturated  vapours  of  organic  substances.  Benzol,  acetone,  ethanol  and  methanol  were  used 
(dielectric  constants  2.3,  21,  24,  33  correspondingly).  A  condensation  of  the  above 
vapours  in  the  sample  pores  was  registered  as  a  sharp  increase  of  a  probing  ligiil 
reflection  from  the  PS  surface. 
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Preliminary  experiments  showed  that  optical  characteristics  of  PS  changed 
reversibly  in  cycles  of  vapour  admission  -  pumping.  It  enabled  us  to  suggest  that  the 
organic  molecules  did  not  form  strong  chemical  bonds  with  the  surface  atoms  of  the 
silicon  skeleton  but  only  changed  the  dielectric  properties  of  the  nanostructures 
surroundings. 

The  PL  kinetics  for  PS  in  the  vacuum  were  found  to  be  well  described  by  a 
monoexponentional  law  for  ail  wave  lengths  of  the  PL  spectrum  (fig.l).  A  PL  relaxation 
time  tpL  decreased  for  large,  energies  of  the  emitted  quanta.  This  feature  is  well  explained 
in  the  frames  of  the  model  of  the  exciton  radiative  annihilation  in  silicon  wires.  According 
to  the  calculations  the  probability  of  the  emission  increases  for  excitons  with  higher  Eeic 
{located  in  wires  with  the  lower  cross-sections)  [2l. 


time  (ns) 


Fig.l.  PL  decays  of  porous  silicon  kept  in  a  vacuum  for  different  PL  wavelengths. 


The  experiments  showed  that  the  significant  influence  of  the  organic  vapours  on 
PS  optical  parameters  took  place  at  the  pressures  corresponding  to  the  beginning  of  the 
condensation  in  pores.  The  PL  kinetics  in  this  case  were  also  monoexponentiai.  The 
diminution  of  both  the  PL  intensity  and  Tp^  was  found  after  filling  the  pores  with 
dielectrics  characterized  by  E>Esi  •  (fig.2).  At  the  same  time  the  FNC  concent.-ation 
increased.  The  last  evidences  that  the  concentration  of  nonradiative  recombination  centers 
located  mostly  on  the  nanostructures  surfaces  did  not  rise.  This  indirectly  supports  the 
above  suggestion  of  the  absence  of  the  chemical  interaction  between  dielectric  molecules 
and  atoms  on  the  pores  surface. 


4C4 


wavelength  (nm) 

Fig.2.  PL  lifetime  of  porous  silicon  vs  PL  wavelength.  Insert  shows  spectra  of  PL 
amplitude. 

The  results  obtained  can  be  explained  on  the  base  of  the  following  model.  The 
photoexcited  charge  carriers  form  dynamically  connected  subsystems  of  excilons  and  free 
electrons  and  holes.  Radiative  recombination  takes  place  through  annihilation  of  the 
excitons  with  a  characteristic  time  t,.  Nonradiative  recombination  of  the  free  carriers 
occurs  on  surface  defects  with  an  average  time  constant  Let  us  write  a  system  of 
kinetic  equations  for  concentrations  of  excitons  (N)  and  FNC  (n): 

dN/dt^Cn-AN-N/r,, 

dn/dt  -  g  -  Cn  +  AN  -  n/ Tnr ,  (1> 

where  C  is  the  probability  of  carriers  binding  in  the  exciton,  A  is  the  probability  of 
exciton  thermal  dissociation,  g  is  the  rate  of  electron-hole  pairs  generation.  According  to 
[2,3]  we  neglected  in  (1)  the  contribution  of  exciton  effects  in  the  light  absorption. 

The  solution  of  the  equation  (1)  after  the  excitation  is  off  (g=0)  we  will  find 
taking  into  account  the  experimentally  found  monoexponentional  law  of  the  PL  relaxation 
(fig.l).  Therefore  we  insert  the  functions  N(t)  and  n(t)  in  the  equations  (1)  in  the 
following  form: 


N-Ngexpi-t/ Tpi),  n-ngexpi-t/ Tpi), 


1-1- 


^PL  - 


that  results 


(2) 
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The  effects  observed  in  ou'-  experiments  are  apparently  caused  by  a  weakening 
of  electron-hole  bond  in  the  exciton  due  to  the  dielectric  effect.  The  diminution  of  the  PL 
intensity  and  xpL  was  maximal  for  the  ambients  with  larger  value  of  e  (ethanol  and 
methanol).  The  decrease  of  Eexc  leads  to  an  enhancement  of  the  probability  of  the  exciton 
thermal  dissociation  and  hence  the  relation  lowers  at  given  temperature.  It 

explains  the  observed  PL  intensity  quenching  in  the  dielectric  ambients. 


Fig.  3.  PL  lifetime 
(normalized  on  one  in 
vacuum)  of  porous 
silicon  kept  in 
dielectric  ambients  vj 
PL  wavelength. 


600  650  700  750 

wavelength  (nm) 

The  analysis  of  (2)  enables  one  to  understand  even  less  obvious  effect  of  the  xpL 
diminution.  Really  after  simple  transformation  it  follows  from  (2)  that  in  case  of 
the  PL  relaxation  time  will  increase  with  the  decrease  of  Nq/ uq.  If  the  nonradiative 
recombination  is  dominant  (v><T„r'')  at  the  dielectric  dissociation  of  excitons  (diminution 
of  No/tio)  the  PL  relaxation  time  will  decrease.  Obviously  this  case  is  realized  in  our 
experiments  with  ethanol  and  especially  methanol  (fig.3).  Note  that  because  the 
probability  of  radiative  recombination  lowers  for  nanostructures  of  larger  size  (lower  PL 
quanta  energies)  the  effect  of  the  tpL  diminution  is  more  significant  for  them. 
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Considerable  advances  have  been  made  in  recent  years  in  the  sjmthesis  of  the  so-called 
carbon  nanotubes  -  important  objects  for  use  in  nanotechnologies  [1].  These  wonderful  objects, 
a  mere  nanometer  in  diameter,  may  have  quite  a  macroscopic  length  of  up  to  a  few  centimeters. 
Being  hollow,  nanotubes  seem  to  be  natural  candidates  for  transporting  both  neutral  and  charged 
particles  in  various  nanodevices.  On  the  other  hand,  charged  particles  propagating  in  nanotubes 
interact  with  their  walls  and  can  thus  generate  a  coherent  electromagnetic  radiation  which  can  be 
of  individual  interest.  ITie  radiation  due  to  charged  particles  channeling  in  cry’stals  has  now  been 
well  studied  [2].  Such  a  radiation  has  a  whole  range  of  properties  making  it  of  practical  use.  The 
aim  of  the  present  paper  is  to  investigate  the  electromagnetic  effects  taking  place  in  the  course  of 
propagation  of  charged  particles  in  single-layer  nanotubes.  To  our  view,  the  most  important 
pecularities  of  nanotubes  to  be  studied  are  due  to  their  large  radius  R  (compared  with  that  of 
channels  in  ordinary  crystals). 

Channeling  near  the  cylindrical  surface  of  the  nanotube  is  possible  for  negatively  charged 
particles.  This  motion  has  no  analogues  in  cry'stall  channeling  and  will  be  reported  elsewhere.  In 
the  case  of  positively  charged  particles,  the  situation  is  more  advantageous  for  their  propagation 
inside  the  nanotube,  bq^eause  a  particle  coming  close  to  the  surface  of  the  nanotube  is  acted  upon 
by  a  repulsive  force  due  to  the  incomplete  screening  of  the  positively  charged  atomic  nuclei.  In 
other  words,  the  motion  of  positron  is  like  to  axial  channeling  of  electrons  in  crystalls.Thc  main 
difference  is  due  high  azimuthal  symmetry  of  positron-nanotube  interaction  potential 

The  main  type  of  interaction  is  the  Coulomb  interaction  between  the  paiticle  and  the 
•  charge  of  a  nucleus,  partially  screened  by  the  electron  siicll  of  the  atom  [3]. 

Insofar  as  the  iianotube  radius  R  and  the  characteristic  parameters  of  the  particle  trajectory 
inside  the  nanotube  are  large  enough  in  comparison  with  the  interatomic  distance,  the  exact 
potential  can  be  averaged  over  tlis  periodic  coordinates  (e,  <p)  with  the  re.sult  that  the  expression 
fertile  interaction  potential  becomes  axially  symmetric; 


R^  -1-  p*  +  3o’^  +  ^(r^  +  3o*^ 

’-{2p«r' 

-  in 

3fl 

where  0=1. 42A  anda' =“-T  ■■■■—< 


-  screening  radius  [2], 
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Fig.l  shows  the  effective  potential  wel?  for  the  interaction  between  a  positron  (Zj  -  1)  and  the 
carbon  nanotube  (Z2  =  12)  as  a  function  of  the  radial  position  of  the  particle. 


Figure  1.  Positron  energy  well  and  levelsflO  Mev,  1  ”  0). 

When  using  harmonic  approximation  the  equation  of  motion  in  the  radial  direction,  can 
easily  be  solved; 

p  =  p„  oo<£l(p,  =  0».  tf(p.  =  0)  =  P) 

where  po  is  the  radius  of  tlie  point  of  entry  of  the  particle  into  the  nanotube  and  Q  is  the  radial 
oscillation  frequency 

In  the  case  of  typical  nanotube  11 A  in  diameter,  we  have: 

a«2,8xlO'*/Vr  [s'],  (3) 

which  for  positrons  with  an  energy  of  1  GeV  gives  OJ2n  ~  10*^  Hz.  For  the  spatial  oscillation 
period  A  =  Vj27c/n,  we  have  accordingly  A  =  30  pm  i.e.,  a  positron  will  execute  some  33  radial 
oscillations  while  traversing  a  nanotube  with  length  L=1  mra. 

The  radiation  power  of  the  particle  has  the  following  form; 

cW(2af  ■ 

In  the  case  of  typical  nanotube  with  N=14  (llA  diameter),  the  expression  for  the  loss 
per  unit  length  will  be  as  follows: 
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/  =  iV6-«poV/{3fl)^iO'’*[erg/cni].  (5) 

One  can  see  from  expression  (5)  that  frie  loss  per  unit  lengtJi  rises  in  a  quadratic  fashion  as  the 
energy  and  entry-point  radius  of  the  positron  are  increased. 

For  positrons  with  an  energy  of  =  1  GeV,  y  =  2000,  po  »  4.3A  we  have  7=4x10^  erg/cm 
=  25  keV/cm.  In  that  case,  t  ie  transverse  oscillation  energy  and  velocity  (with  due  regard  for  the 
relativistic  increase  in  mass)  Aie  Ap  «  10  eV  and  Vp  =«  4.2x10®  cm.^s,  so  that  the  maximum  angle 
of  deviation  of  the  particle  from  the  nanotube  axis,  with  which  channeling  takes  place  (the 
Lindhard  angle)  is  around  lO"^  rad.  Correspondingly,  if  the  incoming  l:eam  of  positrons  has  a 
divergence  of  the  same  order  of  magnitude,  tlie  overwhelming  proportion  of  the  panicles  will  be 
captured  by  the  nanotube  and  w!l  effectively  emit  radiation. 

Radiation  at  the  maximum  frequency  ©m^x  is  emitted  forward,  i.e.,  at  0  0. ; 


=  0,0  =  0)  =  --— 


In  the  case  of  typical  nanotube  1 1  A  in  diameter,  we  get  instead  of  (6): 

“«„(Po=«)-5«'10”r”  [s-'].  (7) 

For  positrons  v/ith  an  energy^  of  -  1  GeV,  the  energy  of  the  maximum-frequency  quanta  can 
easily  be  found  from  (7)  to  be  «  0.33  MeV,  i.e.,  hard  X-quanta  are  emitted.  Note  that  the 
maximum  frequency  of  the  quanta  emitted  by  positrons  (with  the  same  eneigy)  channeling  in 
ordinary  crystals  is  much  nigher  than  that  given  by  (7).  This  is  due  to  the  smaller  distances 
betvvcen  the  crystal  planes  and  hence  greater  electrostatic  forces  acting  upon  the  positrons  and 
resulting  in  tlieir  higher  oscillation  frequencies. 

The  radiation  linewidth  of  single  positron  is  mainly  governed  by  the  number  of  oscillations 
« the  particle  executes  while  passing  through  the  nanotube.  For  single  positron  with  an  energy  of 
E,  =  1  GeV  propagating  in  a  1  mm  long  nanotube  (w  =  33),  the  linewidth  of  the  qjiar.ta  emitted 
forward  can  easily  be  found  to  be  M®  «  0.0 1  MeV . 

Up  to  now  v/c  considered  the  approximation  which  is  valid  for  single  particle  moving 
near  nanotube  axis.  However  it  is  difficult  to  protidc  the  positron  motion  near  axis.  In  fact  it  is 
some  probability  distribution  of  particle  entry  radius.  As  a  result  the  particles  with  different 
oscillation  amplitudes  will  have  different  oscillation  frequencies  and  radiation  characteristics. 
To  find  frequency  distribution  of  total  radiation  intensity,  i.e.  inhomogeneous  tine  breadth,  one- 
should  average  the  radiation  intensity  of  all  particles  over  distribution  of  oscillation  amplitudes, 
that  is  over  nanotubc  cross-section. 


The  total  intensity  distribution  over  frequencies  is  shown  in  Fig.2.  Inspection  of  Fig.2  le- 
veals  that  tlic  positrons  with  large  amplitudes  give  inhomogene  us  line  breadth  wliich  is 
essential  in  comparison  with  the  case  of  near  axis  propagation.  It  is  interesting  to  note  that  the 
breadth  is  mainly  due  to  dependence  of  oscillation  frequency  on  amplitude.  Sc  the  relative  line 
breadth  is  similar  for  different  longitudinal  energies  and  nanotube  lengths. 
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Figure  2.  l  otai  radiation  intensity  as  a  function  of  frequency  (1  Gev,  forward  direction). 

Thus,  considered  in  this  work  is  the  radiation  emitted  by  a  positively  charged  particle 
propagating  inside  a  carbon  nanotube  and  interacting  without  delay  with  the  screened  charges  of 
the  nan'otiibs  nuclei.  Classical  equations  are  shown  to  be  capable  of  describing  the  dynamics  of 
the  particle  quite  well.  Analytical  expressions  are  obtained  for  the  total  radiation  power  and  the 
relationship  between  the  radiation  frequency  and  the  entry  angle  of  the  particle.  It  is  shown  that 
the  channeling  of  a  positron  beam  with  a  divergence  of  the  order  of  1 0  is  possible  at  a  positron 
energy  around  1  GeV,  In  that  case,  in  the  region  of  small  entry  angles  there  occurs  the  emission 
of  bard  X-quanta  with  an  energy  around  0.33-2  MeV. 
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lotrodiiction 

First  experimental  studies  of  semiconductor  quantum  dots  (SQD)  have  been  performed  wth  en¬ 
sembles  of  CdS-CdSe  wth  wide  size  distribution.  The  result.?  were  successfully  described  within 
the  frames  of  effective  mass  approximation  for  parabolic  shape  of  valence  and  conductivity  bands. 
Later  new  materials  containing  SQD  ensembles  with  essentially  narrower  size  dispersion  were 
formed.  Wide  application  of  photoluminescence  e.xcitation  spectroscopy  (PLE)  instead  of  optical 
absorption  spectroscopy  and  conventional  luminescence  spectroscopy  for  studies  of  the  new  SQD 
doped  materials  allowed  to  get  new  experimental  results  on  quantum  confinement  of  charge  carri¬ 
ers  in  semiconductor  quantum  dots.  These  results  influenced  development  of  theory  of  quantum 
confinement,  and  influence  of  holes’  behavior  in  SQD  with  complicated  valence  band  on  system 
of  optical  transitions  in  IT-VI  SQD  have  been  analyzed.  Recent  studies  have  showm  that  spin-orbit 
subband  of  valence  band  in  quantum  dots  of  TI-VI  semiconductors  influences  positions  of  quan¬ 
tum  confined  levels  both  for  small  values  of  spin-orbit  splitting  (Aso=0.07  eV,  CdS)  [1]  and  for 
large  splittings  (Aso=0.42  eV,  CdSe)  [2,3].  It  was  supposed  in  papers  [4,5]  that  this  influence  is 
also  essential  in  case  of  CdTe  (A,so-0.93  eV)  QD,  This  research  is  aimed  to  study  the  problem. 

Experimental 

Conventional  optical  absorption  spectroscopy  was  applied  to  study  CdTe  QD  formed  in  a  novel 
T205-Na20-Zn0-AIF?-Ga20^  glass  matrix.  The  phosphate  glass  matrix  was  used  as  it  earlier 
allowed  us  to  form  SOD  with  narrow  size  distribution  [6],  Growth  of  CdTe  QD  occurred  in  the 
matrix  doped  with  CdTe  under  heat  treatment  at  340-420'’C  during  several  minutes.  Optical  ab¬ 
sorption  spectra  for  several  samples  are  presented  in  Fig.  1.  Influence  of  qua.ttum  confinement  - 

blue  shift  of  optical  absorption  edge  and  formation 
of  separate  transitions  is  evident.  Further  annealing ' 
and  growth  of  SQD  lead  to  formation  of  bulk  CdTe 
absorption  edge  Eg- 1.50  eV  (T-300K).  Positions 
of  optical  transitions  were  determined  as  positions 
of  minima  of  second  derivatives  in  energ\’- 
absorption  plot  Data  published  by  Esch  et  al.  ];71 
for  narrowly  distributed  CdTe  QD  for  one  size  of 
QD  and  by  Oliveira  ct  al.  [8]  for  widely  distributed 
SQD  (luminescence  excitation  spectroscopy  was 
used)  for  QD  in  range  3.5-5  nm  are  also  used  in  this 
work.  Results  of  all  experiments  were  recalculated 
for  room  temperature. 


Fig.  1 


Theory 

Quantum  size  effect  on  conduction  band  can  be  described  w'ithin  the  frames  of  single  baud  HB) 
theory  and  effective  mass  approximation  [9],  We  used  fhcoiy  described  by  Hkiniov  et  al  in  ]99t 
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[2]  for  conduction  band.  The  theory  accounts  influencing  of  conduction  band  by  valence  band  and 
its  nonparabolicity.  More  complicated  description  of  valence  band  comparatively  to  IB  model  ac¬ 
counts  mixing  of  levels  from  2  subbands  -  subbands  of  light  and  heavy  holes  -  so  called  2B  model 
pO],  However  this  model  failed  to  describe  known  experimental  results  since  complicated  struc¬ 
ture  of  optical  absorption  and  luminescence  excitation  spectra  can  not  be  described  without  ac¬ 
counting  of  mixing  of  confine  1  levels  of  light  and  heavy  holes  in  valence  band  artd  interaction  of 
the  levels  wth  levels  in  splitted  spin-orbit  band.  Tliat  is  why  a  new  3  band  (.3B)  model  was  devel¬ 
oped,  and  a  general  description  of  the  mixing  for  H-VI  SQD  was  presented  by  Grigorjan  et  al.  [1  j 
and  Ekimov  et  al.  [2],  Most  complete  comparison  of  3B  model  wth  experiment  was  performed 
by  Norris  et  al.  [3]  for  CdSe  QD.  Also  2B  model  [10]  was  extended  to  3B  situation  by  Richard  et 
al  [4].  They  modeled  QD  of  several  Il-VT  and  m-VIl  semiconductors.  Comparison  of  theory 
and  experiments  [2,3]  proves  that  for  large  value  of  spin-orbit  splitting  (  Aso~0.42  eV  for  CdSe) 
influence  of  splitted  spin-oibit  band  must  not  be  neglected.  The  same  was  supposed  by  Richard  et 
al  [4]  and  Lefebvre  et  al.  [5]  relatively  to  CdTe  since  Aso="0.93  eV  is  extremely  high  tor  this 
semiconductor.  Our  calculations  made  to  try  this  approach  for  valence  levels  of  CdTe  SQD  show 
that  model  of  Richard  et  al.  [4]  gives  the  same  results  as  general  solution  [2].  We  used  3B  model 
[2]  to  calculate  complete  set  of  hole  levels  and  optica!  transitions  in  CdTe. 

Discussion 

Observed  and/or  calculated  optical  absorption  bands  were  treated  differently  by  different  research 
groups,  and  in  Table  1  we  listed  these  interpretations  for  the  first  5  optical  absorption  bands.  We 
,  tried  to  change  different  notations  used  in  papers  [4,7,8]  to  notations  after  Ekimov  et  al.  [2]  when 
it  was  possible:  nQF,  F  -total  momentum  of  the  state,  Q=S,P,D,F,  .  ..  is  the  minimal  orbital  mo¬ 
mentum  included  in  the  hole  wave  function,  n  -principal  quantum  number  of  the  state. 

Table  1 


absorption  band 

Esch,  1990  [7] 

Oliveira,  1995  [8] 

Richard,  1996  [4] 

This  work,  1997 

r=3.6mn 

r=3,5-5nm 

r=2.8  nm  (tlieory) 

r=3  nm 

a 

SA-Se 

IS3/2-IS, 

lS3y2-lSe 

lS3/2-lSe 

b 

SrrS. 

2S3/2- 1  Se 

28,3/2-1  St 

2Sr/2-lSt 

c 

Pa-P. 

1P3/2-lPe 

lP3/2-lPt 

d 

Da-D* 

2P3/2-lPe 

1P5/2-lPt 

lS,/2-lS. 

f 

Fa-F. 

ISO1/2-IS. 

IPifl'-lP. 

.  2,3S3/2-1S. 

When  explaining  experimental  results  presented  in  [7]  mixing  of  hole  levels  of  subbands  of  heavy 
holes  f  A),  light  hole  (B)  and  spin-orbit  subband  (C)  was  ignored,  and  levels  in  the  subbands  were 
treated  as  independent  ones  -  IB  model  However  positions  of  optical  transitions  were  not  calcu¬ 
lated.  T.ater  Oliveira  et  al.  [8]  used  2B  model  to  describe  data  obtained  for  QD  of  different  dimen¬ 
sions  laying  in  range  r=3.5-.'inm.  Notation  of  transitions  in  the  research  differs  with  conventional 
ones  we  are  not  sure  in  our  identification  of  them.  2B  approach  and  fitting  of  model  pararaeteis 
for  valence  band  led  to  good  coincidence  of  the  computations  and  experiments  described  in  [8], 
while  IB  model  was  unable  to  describe  the  experimental  situation.  Unfortunately  wide  si?e  distri¬ 
bution  of  QD  used  in  experiments  [8]  and  range  of  the  SQD  dimensions  (3  . ,''-5  nm)  did  not  al¬ 
lowed  to  observe  some  low-intensi\'e  optical  transitions  in  the  research  ralculations  performed 
h\'  Richard  cl  al  in  W96  [4]  were  not  compared  with  experimental  data  hewe-ver-they  alleged 
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that  descriptions  of  optical  absorption  spectra  with  2B  and  3B  models  were  practically  the  same 
because  all  experiment al  spectra  are  broaden  due  to  size  distribution  of  QD.  Tt  was  not  correct  as 
narrowly  distributed  ensembles  of  CdS,  CdSe  and  CdTc  QD  was  formed  by  1996.  Moreover  ob¬ 
servations  of  anticrossing  of  levels  in  CdSe  Qi>  [3j  proved  necessity  of  3B  model.  Also  statement 
[4]  that  PLE  technique  was  r:ardly  applicable  for  CdSe  and  CdTe  QD  was  in  contradiction  with 
published  results  [3,8].  Experimental  positions  of  optical  absorption  bands  measured  in  our  ex¬ 
periments  were  not  coincide  with  IB  and  2B  models,  and  v/e  turn  to  3B  modeling  [21  -  see  col¬ 
umn  5  in  Table  1 . 

To  mode!  CdTe  QD  it  was  necessai^  to  chose  a  set  of  parameters  for  tlie  material.  Values  of  the 
parameters  used  by  different  researchers  are  listed  in  Table  2. 


Aso.  eV 

e 

7i 

72 

E.,  eV 

1 

Oliveira,  1995  [8] 

1.0 

6.5 

2.0 

17.4 

2 

Pankov,  1971  [11] 

10.9 

0.11 

3 

Richard,  1996  [4] 

0.927 

93 

5,23 

1:89 

0.096 

4 

Lcfebvre,  1996  [5] 

0.927 

9.3 

5.23 

2.19 

0.096 

5 

0.927 

9.3 

4.1! 

1.58 

0.096 

6 

0.927 

9.3 

4.7 

1.69 

0.096 

Here  c  -  dielectric  permittivity,  yi  and  yz-  Luttinger  parameters,  m*  effective  electron  mass,  Ep  - 
energetic  band  parameter  [2] 

We  compared  our  and  other 
Icnown  [7,8]  experimental 
data  with  calculations  made 
for  all  sets  of  parameters 
from  Table  2.  It  was  found 
that  variation  of  Luttinger 
parameters  strongly  influ¬ 
ences  behavior  of  optica! 
transitions.  The  best  coinci¬ 
dent,  e  with  experimental  data 
was  obtained  for  sets  pre¬ 
sented  in  rows  3  and  6,  how¬ 
ever  the  set  in  row  3  is  not 
refer  to  exact  data  on  CdTe 
structure  [5],  Rows  4  and  5 
give  essential  difference  of 
calculations  and  experimental 
data.  We  used  for  owr  calcu¬ 
lations  set  of  parameters  from  row  6  of  the  Table  2,  results  of  the  calculations  are  in 

Fig  2  as  well  as  experimental  data.  It  is  important  that  yt/yj  relation  for  CdTe  essieutisWy  cv- 
ceeds  y,/y2  relation  for  CdSe,  and  this  increases  influence  of  splitted  band  on  lower  traMisih>ens  in 
spite  of  higher  Aso  for  this  material  [3.5], 
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For  chosen  set  of  parameters  the  highest  hole  level  is  lPi/2,  however  transition  to  this  level  from 
ISe  state  is  forbidden.  That  is  why  lowes't  observable  in  optical  absorption  experiments  transition 

(a)  can  be  1 8^7-1  S.  the  same  way  as  for  other  H- VI  SQD  [1,2],  Closely  positioned  next  transition 

(b)  -  2S37-lSt  -  is  less  intensive  and  it  is  similar  with  the  same  transition  in  CdSe  [2],  The  next 
absorption  band  (c)  is  due  to  intensive  1P:,7-IP«  transition  and  to  tbe  next  3S.^/2“TS*  transition  that 
is  weaker.  The  next  intensive  wide  absorption  band  (d)  is  due  to  transitions  both  to  IS*  level 
(iSi-rlS,)  and  to  IP.  level  (2P3.7-IPC.  and  IPi^'-lP.)  superposed  in  0.1  eV  width  range,  (a),  (b), 

(c)  and  (d)  groups  of  optical  i  ansitions  are  laying  far  from  split-off  band  even  for  small  QP.  Be- 
liavior  of  the  transitions  is  quasiliiiear,  and  it  can  be  accurately  described  within  approximation  of 
2B  theory  [8].  However  behavior  of  the  next  optical  absorption  band  (e)  is  not  linear  -  see  Fig.  2, 
The  absorption  band  is  due  to  2St,7-lS.  and  2P,,7‘-lPe  transitions.  For  small  QD  these  levels  lie  in 
the  region  of  split-off  band,  and  calculation  shows  that  2Si/2-iSe,  3Si/2-lSe  transitions  are  pushing 
away  in  this  region  Neither  previous  experimental  studies  nor  2B  model  describe  this  e  absorp¬ 
tion  band.  The  last  observ'able  absorption  band  (0  is  due  to  3S)/2-lSt  transition.  It  is  necessary  to 
no^e  that  anticrossing  of  the  whole  system  of  nSia-lS,  levels  -  see  (e)  and  (f)  and  (g)  bands  -  re¬ 
sults  with  positioning  of  a  level  belonging  to  the  system  close  to  Aso  value  for  all  sizes  of  QD. 
When  observed  tbi.s  can  be  treated  as  a  transition  from  spin-orbit  subband  with  low  quantum  con¬ 
finement  effect.  That  is  why  transitions  from  different  closely  positioned  levels  are  treated  as  tran¬ 
sition  from  spin-orbit  subband  by  2B  theory. 

Conclusion 

Studies  of  optical  spectra  of  syiithesed  CdTe  QD  with  narrow  size  distribution  allow  us  to  ob¬ 
serve  up  to  6-7  quantum  transitions  at  room  temperature.  To  describe  experimental  results  we  had 
to  use  3B  rriodel  since  in  spite  of  relatively  large  value  of  Aso-l  eV  for  CdTe,  mixing  of  levels 
from  upper  subbands  with  spin-orbit  subband  strongly  influenced  behavior  of  the  hole  levels. 
Comparison  of  our  experimental  data  and  literary  data  [8]  with  3B  theoretical  model  shows  that 
choice  of  the  model  parameters  strongly  influences  treating  of  optical  transitions  in  the  SQD. 
Finally  complicated  structure  of  optical  transitions  in  CdTe  QD  was  described  and  interpreted, 
and  necessity  to  account  mixing  of  QD  levels  from  3  valence  subband  for  large  spin-orbit  splitting 
was  confirmed  with  the  experiments  We  suppose  observation  of  anticrossing  of  optical  transi¬ 
tions  in  CdTe  QD  is  possible.  Further  experimental  studies  will  allow  to  find  more  exact  values  of 
parameters  to  be  used  in  3B  modeling  of  CdTe  QD  structures. 
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Most  of  optical  research  of  quantum  confinement  phenomena  were  pertbrmed  with  if- VI 
semiconductor  quantum  dots  (SQD).  However  synthesis  of  IV-VI  SQD  has  recently  been 
demonstrated  Widths  of  forbidden  gap  for  the  semiconductors  correspond  to  infra-red 
range  of  optical  transitions  between  confined  states  of  charge  carriers.  Contrary  to  theory  of 
quantum  confinement  for  direct  band  semiconductors  [3],  theoretical  description  of  the 
phenomenon  accounting  anisotropy  and  non-parabolicity  of  the  band  has  been  designed  just 
recently  [4].  This  research  is  aimed  to  compare  positions  of  optical  transitions  in  synthesed  PbSe 
QD  [2]  wth  results  of  our  computations  performed  in  accordance  with  model  [4]. 

We  used  optical  absorption 
^  spectroscopy  to  study  PbSc  QD 
©  formed  in  a  P205-Na20-Zii0-Air3- 
O  GaaOs  glass  matrix.  The  phosphate 
^  glass  matrix  was  used  as  it  earlier 
CL  allowed  us  to  form  CdS,  Cd-S-Se, 
CdSe  and  CdTe  SQD  with  narrow 
<  size  distribution  [5].  Growth  of 
S:  crystalline  grains  occurred  under  heat 
©  treatment  (SbO-AlOT)  of  the  glass 
samples  doped  with  PbSe.  Duration  of 
the  annealing  was  in  range  of  several 
minutes.  X-ray  studies  allowed  us  to 
identify  grains  formed  in  the  glass 
matrix  as  PbSe  QD,  TEM 

measurements  (courtesy  of  Dr.  Frank 


Wise  from  Cornell  University)  showed 
that  the  SQD  have  perfect  spherical  shape 
at  least  for  SQD  exceeded  10  nm.  Optical 
absorption  spectra  of  differently  annealed 
glass  samples  with  PbSe  SQD  were 
measured  in  spectral  range  400-1800  nm. 
Sets  of  optical  absorption  peaks 
corresponded  to  different  <^antum 
trans!  ions  were  cleany  observed  in  the 
spectra  measured  at  room  temperature, 
and  positions  of  the  peaks  were  deduced 
with  2™'  derivative  technique  --  see  Fig.  1, 


where  a  typical  measured  absorption  duration  Of  annealing,  min. 


spectrum  for  PbSe  QD  and  second 
derivative  of  the  spectra  are  presented 
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Si^c  or  the  SQD  and  position  of  the  first  optical  absorption  peak  depend  on  duration  of  thermal 
processing  aiined  to  grow  QD,  Tn  Fig,  2  depender  ce  of  size  of  the  FbSc  QD  (recovered  from  the 
position  of  the  first  absorption  peak  according  to  existing  model  [4])  versus  tune  of  annealing  is 
presented  To  describe  process  of  growth  of  QD  it  is  necessary'  to  check  if  SQD  size  B 
dependence  of  lime  t  can  be  described  as  (independent  growth  of  nuclei)  or  B-t 

(coalescence  stage  of  growth)  law  [6],  /Viialysis  of  the  experimental  data  prcseitled  in  Fig.  2 
showed  that  most  probably  we  have  situation  llial  is  intermediate  between  these  two  cases. 

To  compare  positions  of  optical  transitions  with  theoretical  predictions  w'e  plotted  energy 
distance.s  between  several  lowest  (permitted  -  :>olid,  forbidden  -  dashed)  optical  transitions  and  the 
first  optical  transition  versus  position  of  the  first  transition  -  Fig,  3,  The  theoretical  cun'cs  are 
linear  in  spite  of  the  fact  that  effective  mass  approximation  is  not  applicable  to  the  system  under 

consideration.  Tn  the  same  plot 
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SIZE  QUANTIZATION  OF  EXCITON  IN  QUASI  -  ZERO  - 

DIMENSIONAL  SEMICONDUCTOR  STRUO-URES  _ 

S.I.Pokutnyi,  I.P.Guk,  G.V.Semenova 
State  Maritime  University,  Nikolaev,  327025,  Ukraine 
1.  Consider  a  simple  model;  a  neutral  semiconductor  nucrocrystals 
CSMsD  of  the  radius  a  with  the  dielectric  function  surrounded  by  a 
medium  with  e^.  In  ttie  bulk  of  such  SM  an  electron  e  and  a  hole  h  with 

the  effective  masses  and  respectively,  are  moving  and 
are  the  distances  of  the  electron  and  the  hole  from  the  SM  center); 
the  dielectric  functions  of  the  SM  and  the  matrix  differ  appreciably 
CCg  >  Cj).  It  is  assumed  that  the  bands  of  electrons  and  holes  are  of 
parabolic  shape.  The  character icstic  dimensions  of  the  problem  are  the 
quantities:  a,a^/aj^  where  /m^e^ ,  are  the  Bohr 

radii  of  the  electron  and  the  hole,  respectively,  in  a  semiconductor 
with  Cg  C  ^  is  the  electron  charge). 

In  the  model  under  study  within  the  scope  of  the  above  approximati¬ 


ons.  the  Hamiltonian  of  the  exciton  is  M.23 

d  tn  c  tn^  • 

o  h 

''.h’f  V  V  *  ''to'V..  ^b-  tn 

Where  the  first  two  terms  determine  the  kinetic  energy  of  an  electron 


and  a  hole.  V' is  the  Coulomb  interaction  of  an  elctron  with  a  hole: 

HD 

V  .  and  is  the  interaction  with  the  selfimage  of  an  electron  and 

nn 

a  hole,  respectively.  interactions  with  "alien" 

images  [2.3]. 

2. We  investigate  the  energy  spectrum  of  an  exciton  in  a  small  SM  in 
the  case  when  the  size  of  the  SM  is  restricted  by  the  condition 


<  a*.  «  G  s  .  C2) 

on  H 

at  whose  fulfilment  polarization  interaction  plays  an  important  role 
in  the  potential  energy  of  tne  Hamiltonian  Cl).  The  Inequality  C2)  al¬ 
so  permits  consideration  of  the  electron  and  hole  motion  in  the  effec- 
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live  mass  approximation.  Under  conditions  C2')  adiabatic  approximation 
Cm^  «  can  be  used:  in  this  case  the  kinetic  energy  of  an  electron 
is  assumed  to  be  the  greatest  quantity  and  the  last  four  terms  in  C2) 
are  considered  together  with  the  nonadiabaticity  operator  by  the  per¬ 
turbation  theory  on  the  functions  of ■  the  deep  infinite  spherical  well. 


Then,  taking  into  account  only  the  first  order  of  the  perturbation 
theory  one  can  easily  obtain  the  spectrum  of  an  exciton  £  “  “  "  in 

r  “c,. 

the  state  Cn.  i.  m-,  n-.l-.m/)  C her ere^. /  .mare  the  main,  orbital 
and  magnetic  quantum  numbers  of  an  electron;  ^he  main, 

orbital  and  magnetic  quantum  numbers  of  the  holeD  as  follows  [4,53: 

\  -if  r  3  T 

-  V  ^  ^  J  *  i  ]■ 

where  2  }  dx^sin^(nn^xJ(l-j^)~^,  and  2Cl(2nnJ  - 

O  0  Q* 

2ln(2nn^)  -  2r  (c^/c^)  -1,  y  =  0.577  Is  the  Jiiler  constant,  CiCy)  is 
the  integral  cosine,  and  w(n^,S)  is  the  frequency  of  the  hole  oscilla¬ 
tor  vibrations 

w(  n^,S  )  =  2(  1  +  (2/3)  w®  ,  C4) 

Here  and  below  the  energy  is  measured  in  Ry^=h^ /2m^a^  units  and  nondi- 


mensionai  values  of  the  length  and  la^  are  used. 

3.  In  the  experimental  works  [6,73  interband  absorption  spectra  of 
CdS  SMs  Ce2=5.3D  of  the  size  from  1  to  10  nm  dispersed  in  a  transpa¬ 
rent  dielectric  matric  of  silicate  glass  were  investigated  Cfn^=0.2mQ 
and  »T7j^=5fng;  i.e.  m^D.  In  [73  in  the  region  of  transitions  to  the 
lower  level  of  dimensional  quantization  of  the  electron  Ctt^=D  a  stru¬ 
cture  was  found  which  consisted  of  an  equidistant  series  of  levels. 
The  above  structure  is  caused  by  quantization  of  the  hole  energy  spec¬ 
trum  in  the  adiabatic  potential  of  the  electron.  In  [73  by  incorpora¬ 
ting  into  the  formula  C4)  SM  dispersion  by  the  radii  a.  an  expression 
was  obtained  which  determined  the  distance  between  the  equidistant 
series  in  the  spectrum  of  the  hole  [2.83: 

^  n^,S  )  -  2.232(  1  *  (2 /3}  )'^  S  C5.1 
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w^ere  a  is  the  average  SM  radius  C  S  =  a  /  From  comparison  of  the 
formula  C5D  Cat  n^=  ID  with  the  experimental  dependence  of  the  split¬ 
ting  magnitude  xn  the  SM  size  a  obtained  in  [7]  it  follows  that  for 
—  ^ 

the  region  of  SM  radii  a  s  30  i4  the  splitting  magnitude  w  (  S  )  C5D 
is  in  good  agreement  with  the  experimental  data  (71  and  differs  from 
the  latter  only  slightly  C  £  4  %  D  13,81. 

In  191  brightness  peaks  were  observed  which  are  due  to  transitions 
between  the  size  quantization  levels  of  an  exciton  in  the  transmission 
spectrum  of  CdSe  SMs  (€2=9. 4)  of  size  a  =  S  nm  dispersed  in  a  transpa¬ 
rent  dielectric  matrix  of  silicate  glass. 

At  decreasing  radius  a  of  a  CdSe  SM  down  to  the  size  comparable 

O 

with  the  exciton  radius  a  ~  45.5  A  the  positions  of  the  valende 

band  and  of  the  conduction  band  as  well  as  the  dispersion  laws  for  e- 
lectrons  and  holes  in  such  SM  should,  apparently,  change  drastically. 
It  is  natural  to  suppose  that  the  effective  mass  of  an  exciton  pi;=m^m^f 
will  also  differ  from  such  effective  mass  of  an  exciton  in  an 
unlimited  CdSe  SM.  As  a  hole  In  CdSe  is  heavy  Cm^fm^-23  and 
=0.13,  i.e.  we  assume  that  Its  mass  mj^  remains  unchanged,  i. 

e.  it  is  the  same  as  in  unlimited  CdSe;  Only  the  effective  mass  of  an 
electron  m  Cand  with  it  also  the  effective  mass  of  an  exciton  #0  will 
change  and  it  will  depend  on  both  the  SM  size  a  and  the  position  of 
the  energy  level  of  the  exciton  Cw.,/ ;0,  I.e.  m  =  m(a;  n.ljtJ 
Cor  fi 

Comparing  the  numerical  values  of  the  exciton  energy  C3)  in  the 
state  Cn^=l,  /^=0;  /^=0)  and  Ctt^=2,  1^=0;  /^=0)  with  the  experimental 
positions  of  absorptions  peaks  [9]  g  1.913  eV  and  ^  o=2.2047  eV  we 
obtain  for  the  electron  CexcltonD  effective  mass:  m^(a=50  A;  1,  0;  0)= 
=0.195m^  (jjt=0.  ISlm^)  and  rn^(a=5oX-  2,  0;  0;=0.152mp  (m=0.144  m^) 

As  the  exciton  level  is  being  pusned  out  of  the  potential  well, 
whose  role  for  charge  carriers  is  played  by  a  SM,  the  numerical  value 
of  the  exciton  effective  mass  ti  will  approach  that  of  the  exciton 
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effective  mass  in  an  infinite  CdSe,  i.e.  pijj=0. l?4mp.  The  latter  state¬ 
ment  is  confirmed  by  the  numerical  values  of  exciton  effective  masses 
obtained  here;  #tCI.0;0>0. ISlm^  and  ti(.Z,0\0:i=0.UAm^.  Moreover,  for 
the  fixed  energy  level  of  an  exciton  at  increasing  SM  ra¬ 
dius  a,  so  that  a  >  value  of  the  exciton  effective  mass 

ti(a,  n^,  will  also  tend  to  the  bulk  value  of  the  exciton 

effective  mass  /ig. 

We  investigated  the  exciton  energy  spectrum  C33  in  the  ground  state 
Cn^=l,  /^=0;  )  in  a  small  SM  in  the  region  of  SM  sizes  a  > 

agjj=2.5nrn  under  the  experimental  condition  of  Ref.  [63.  We  found  the 
numerical  values  of  the  exciton  energy  q  q(^)  in  the  ground'  state 
Ck^=1,  i^=0  )  in  a  small  SM  of  sizes  a  2:  Furthermore,  com¬ 

paring  the  obtained  spectrum  of  exciton  C3)  and  Refs. [10-  123  with 
experi mental  positions  of  the  absorotion  peaks  in  a  small  SM  [6.73  we 
determined  the  effective  masses  of  the  electron  mja)  and  exciton  ji(a) 
in  a  small  SM  as  functions  of  SM  sizes  a.  From  the  rezults  follows 
that  with  growing  SM  radius  a  ^  the  effective  mass  of  the  exciton 

11(a)  Cthe  electron  tnja))  decreases  and  at  a  equal  to  the  critical  SM 
size  a^~  4.3  nm  approaches  the  value  of  the  exciton  effective  mass 
/lipCeiectron  in  an  unlimited  CdS  crystal; 
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Photoluminescence  in  Opal-Based  Photonic  Crystals 
Doped  with  Semiconductor 

S.G.  Romanov^*,  A,V.  Pokin'*,  V.  I.  Alperovich",  V.Y.Butko"  R.M.  De  La  Rue* 

"A.F.  Ioffe  Physical  Technical  institute,  St  Petosburg,  194021,  Russia 
*Department  of  Electronics  and  Electrical  Engineering,  University  of  Glasgow, 
Glasgow  G12  8QQ,  UK 

The  effect  of  the  photonic  band  gap  (PBG)  in  photonic  crystals  introduces  a  novel  physics 
in  a  desciiption  of  interaction  between  the  solid  structure  and  light  within  this  structure.  Total 
control  upon  the  propagated  light  is  possible  only  in  a  S-dimensional  (3D)  photonic  crystal  where 
all  modes  are  similarly  coupled  with  a  solid  structure.  In  this  case  engineering  of  the  spectrum  of 
light  is  approached  via  changing  PBG.  A  prototype  of  3D  photonic  crystal  with  the  option  in  a 
visible  light  is  a  precious  opal  Opal  consists  of  identical  silica  balls  with  diameters  D,  which  are 
closely  packed  and  formed /cc  lattice.  Since  empty  voids  ^e  situated  in  between  touched  b.alls, 
the  dielectric  properties  are  changed  periodically  along  any  optical  path  through  such  a  lattice 
To  be  comparable  with  the  wavelengths  of  a  visible  light  D  should  be  in  the  range  200H-400nm. 
The  light  scattered  from  an  opal  is  peaked  at  the  wavelength,  that  is  roughly  corresponded  to  the 
Bragg  condition  for  scattering  on  the  most  closely  packed  (111)  crystal  planes  In  bare  opal  the 
contrast  of  the  refractive  indices  (RIC)  is  provided  by  difference  between  Si02(«;=1.45)  and  air 
(«i=l).  The  scattering  elBciency  increases  with  the  RIC  increase.  However,  for  structures  with 
RIC=  W//)r2-i=0.45-5-1.3  only  a  few  experiments  are  available  Note,  that  for  complete  PBG 
crystals  RIC  should  be  above  2.  infilling  of  opal  with  semiconductors  seems  a  promising  way  to 
approach  3D  PBG  crystals.  Evidences  concerning  the  impact  of  the  photonic  structure  on  the 
photoluminescence  (PL)  in  the  opal-like  structures  were  reported  up  to  date  for  dye-added 
colloidal  crystals  and  opals  infilled  with  dye  solutions  i.e.  materials  with  low  refractive 
indices  contrast  RIC<0. 1 .  Another  effect  in  semiconductor-doped  opals  is  changing  the  conditions 
for  radiative  recombination  in  semiconductor.  When  electronic  and  photonic  gaps  coincide  in 
opal-based  material  one  may  expect  a  strong  non-linearity  in  emission  properties. 

For  3D  crystals  the  dispersion  of  stop  band  is  easy  to  reveal  by  changing  the  angle  of  the 
light  incidence.  With  RIC>0. 1  the  stop  band  becomes  detectable  at  any  angle  and  no  unaffected 
light  can  pass  through  a  photonic  crystal.  The  reflectance  measurement  were  made  on  0.5mm 
thick  opal  platelets  by  changing  the  angle  of  light  incidence  with  corresponding  moving  of 
detector  in  order  to  maintain  equality  of  angles  for  incoming  and  outgoing  light.  The  shined  area 
was  around  li.jn^.  The  angle  resolution  of  around  2“  was  approached  by  using  diversion  of  the 
scattered  beam  along  25cm  path  before  collecting.  PL  spectra  of  bare  opal  were  collected  at 
different  angles  of  light  collection,  assuming  that  for  UV  excitation  (^K=351nm)  no  dependence 
occurs  upon  the  angle  of  beam  incidence.  Angle  resolution  '  was  around  4°.  For  opal- 
semiconductor  nanocomposites  PL  spectra  were  collected  at  -45”  geometry  under  excitation  by 
457.9nm  line. 

In  Fig.l  we  compared  the  reflectance  spectra  of  bare  opal  (RIC=0.45)  collected  at 
different  angles  of  the  light  incidence  and  PL  measured  at  the  same  angles.  The  observed  PL  is  a 
result  of  radiative  recombination  of  ca.riers  excited  to  the  band  of  defect  states  (typically  oxygen 
defects)  of  silica  comprising  opal  balls  Opal  shows  3  PL  bands  in  the  range  from  1.8  to  3.3  eV 
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(Fig.  la),  one  of  them  is  changed  with  the  angle  of  observation  and  another  two  -  are  not.  All 
■  these  bands  correspond  to  the  extrema  in  the  density  of  state.s  of  silica  defects,  thiS  is  ciearly 
appeared  on  the  spectrum  of  disordered  opal  wherf  Bragg  scattering  is  absent.  Angle  dependence 
of  the  PL  is  caused  by  changing  the  interference  conditions  for  emitted  light.  Tliis  is  proved  by 
comparison  with  the  angle  dependence  of  the  Bragg  peak  in  reflectance  spectra  of  the  same 
san^iple  (Fig.  lb).  By  dividing  the  PL  spectra  of  ordered  opal  on  that  of  disordered  opal  we  are  able 
to  resolve  the  Bragg  feature  clearly.  In  Fig.lc  one  can  see  how  the  interference-induced  dip 
crosses  2.3H-2,7eV  PL  band  of  silica  defects. 


Energy  (e\0  '  Energy  (eV) 


Fig.l  (a)  -  PL  spectra  at  excitation  by  LTV  line 
(^x“'*-’7.Vran)  of  laser  aii^  at  different  angles 
0  of  detection.  T'-SOGK. 

(b)  -  rcflectam;?  spectra  for  this  opal  at  the  same 
angles  of  the  light  incidence  . 

{c'l  -  PL.  spectra  after  correction  on  the  PL  spectrum 
of  disoroered  opa! 


Fig.2.  PL  spectra  of  opal-CdSe  at  7==5K  and 
e.'ccitation  by  tlie  blue  line  (7.<«=457.9nni)  of 
Ar*  laser  depending  on  the  type  of  void  infill. 
Curves  are  shifted  for  clarity. 


There  are  tv/o  observations  to  be  emphasised;  (i)  redistributioji  of  the  relative  PL  intensity 
in  favour  of  the  low  energy  side  of  the  dip  when  it  moves  to  higher  energy  and  (ii)  red  shift  of 
dips  in  PL  spect.<-a  comparing  with  corresponding  reflectance  peaks.  The  first  effect  is  the 
consequence  of  the  reduced  density  of  photon  states  within  photonic  gap.  Because  of  this 
reduction  the  radiative  recombination  is  suppressed  within  the  photonic  gap.  Correspondingly,  the 
addiiiona  non-equilibrium  excitations,  which  potentially  ready  for  radiative  transition,  are  build¬ 
up  at  energy  just  below  the  photonic  gap.  However,  PL  intensity  does  not  directly  corresponds  to 
the  densUy  of  states,  it  is  also  depends  on  the  interplay  of  probability  of  radiative  and  non- 
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radiative  processes.  Within  the  energy  range  of  photonic  stop  band  the  relaxation  proceeds  non- 
radiatively.  Therefore,  the  red  shift  of  the  PL  dip  may  be  considered  as  the  indication  of 
postponed  restoration  of  the  radiative  relaxation  below  the  stop  band. 

In  the  case  of  opal-semiconductor  composite  one  can  expect  a  clear  demonstration  of 
coupling  between  the  photonic  and  electronic  energy  structures.  This  composite  is  reasonably  to 
consider  as  emitting  and  hon-dissipative  band-pass  filtering' systems  integrated  in  one  material. 
Any  chemical  routine  of  the  semiconductor  growth,  that  uses  «ship-in-the-bottle»  strategy,  res'dts 
in  the  fractional  filling  of  the  opal  voids.  Correspondingly;  homogeneity  of  the  infill  distribution 
becomes  the  decisive  point,  since  a  volume  fi’action  of  the  semiconductor  in  opal  voids  affects 
strongly  the  position  and  width  of  the  stop  band.  Moreover,  if  one  is  looking  for  alignment  of  the 
stop  band  and  electronic  gap,  homogeneity  wdll  define  whether  or  not  matching  occurs  at  the 
same  conditions  throughout.  Fig,2  shows  how  PL  of  opal-CdSe  depends  on  the  homogeneity  and 
volume  fi'action  of  the  CdSe  component.  Tn  the  case  of  inhomogeneous  loading  PL  appears  in 
form  of  non-structured  band  at  energies  below  the  electronic  gap  of  CdSe  (upper  curve).  For  very 
small  content  of  CdSe  (~1%  of  volume  fraction)  in  voids  of  opal  the  relaxation  traffic  via  defect 
states  of  silica  dominates  (bottom  curve),  because  of  the  infill-to-matrix  interaction.  The  detailed 
analysis  of  this  mechanism  was  pven  elsewhere  With  increased  loading  and  homogeneously 
distributed  infill  (confirmed  by  electron  p.obe  microanalysis)  the  PL  peak  related  to  CdSe  appears 
well  separated  from  PL  band  of  silica  defects  (middle  curve). 


Energy  (eV) 


10"*  10^  10'^  lO'  10^ 

Incident  Power  (an ) 


Fig.3  (a)  -  absorption  (A)  and  reflection  (R)  spectra  of  opa!-CdSe,  the  Bragg  peak  dontinatcs  all  otlier 
contributions  to  the  R-spectnim. 

(b)  -  PL  at  7’=5K  and  different  levels  of  laser  excitations.  R-spectrum  is  shown  b)’  dashed  line  for 
reference. 

(c)  -  Dependence  of  the  PL  intensity  upon  pumping. 
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In  Fig.  3  a  the  electronic  and  photonic  structures  of  opal-CdSe  are  shown  in  the  form  of 
absoi-pfion  and  reflectance  spectra.  Absorption  edge  is  spread  over  wide  energj'  range  because  of 
the  amorphised  structure  of  CdSe  nanopaaicle.s  .n  opal  voids,  but  homogeneity  of  CdSe  infill 
distribution  over  opai  voids  i.s  well  enough  to  produce  the  Bragg  reflectance  peak,  characteristics 
of  which  depends  on  the  diameter  of  opal  balls,  volume  fraction  of  CdSe  and  refractive  indices 
contrast  benveen  silica,  CdSe  and  air. 

From  Fig.  3  b  it  is  seen,  that  PL  of  CdSe  component  is  pushed  out  fi’om  the  stop  band 
region.  Blue  shift  of  the  PL  band  indicates  that  It  oiiginates  from  transitions  between  the  localised 
■  and  and  the  valence  band.  Intensity  of  this  peak  Increases  more  rapidly,  than  excitation  power 
(Fig.3c)  With  increasing  the  intensity  of  the  laser  pumping  this  PL  line  becomes  ~L4  times 
narrow'er  at  the  optima!  excitation.  It  seems  reasonably  to  ascribe  this  superUnear  dependence  to 
the  formation  of  the  non-equilibrium  distribution  of  the  density  of  states  induced  by  the  presence 
of  the  photonic  gap.  Further  saturation  and  decrease  of  the  P.L  intensity  may  be  explained  by 
overheating  of  the  sample  under  the  laser  beam  above  the  He  gas  flow  temperature  with 
corresponding  increas<»  of  non-radiative  transitions. 

Concluding,  we  wish  to  stress  that  experiments  reported  here  were  aimed  to  demonstrate 
the  impact  of  coupling  between  electronic  and  phototiic  structures  on  the  formation  of  the 
emission  properties  of  semiconductor  integrated  witliin  photonic  crystal.  Obviously,  the  effect  of 
such  coupling  will  be  much  more  pronounced  if  the  complete  photonic  band  gap  is  approached, 
but  this  requires  application  of  more  sophisticated  techniques  of  the  semiconductor  deposition  in 
opal  vcids,  e.g  chemica!  vapour  deposition 

Thi.':  work  was  supported  in  part  by  Russian  Foundation  for  Basic  Research  (grant  96-02- 
17963)  and  UK  Leverliulme  Trust  (grant  no.  F/179/AK). 
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THE  ROLE  OF  ZERO-POINT  FLUCTUATIONS 
IN  THE  NONLINEAR  OPTICAL  RESPONSE  OF  NANOSTRUCTURES 

A.N.  Rubtsov 

Department  of  Physics,  Moscow  Stale  University, 

119899  Moscow.  Russia 

Optical  properties  pf  nanostructures  are  of  significant  interest,  because  they 
reveal  peculiarities  of  the  size-quantized  electron  motion  in  these  structures.  The 
second-order  response  of  nanostructures  is  particularly  interesting  due  to  the 
surface  nature  of  the  second  harmonic  generation  (SHG)  from  centrosymmetric 
media.  The  second-order  susceptibility  of  the  bulk  of  centrosymmetric  media 
vanishes  in  the  dipole  approximation,  therefore  the  SHG  signal  become  extremely 
sensitive  to  the  properties  of  surface  and  nanostructures. 

The  electromagnetic  interaction  of  nanoparticle  wth  its  environment 
modifies  both  linear  and  nonlinear  response  of  the  particle.  The  presence  of  a 
substrate  and  neighbor  particles  shifts  resonant  peaks  in  the  spectrum  of  the 
nanoparticle  and  changes  value  of  its  response. 

For  the  theoretical  description  of  these  phenomena  the  semiclassical 
approach  is  commonly  used,  in  which  the  response  of  nanoparticles  is  calculated 
using  the  quantum-mechanical  formulae  whereas  the  electromagnetic  field  is 
described  by  (classical)  Maxwell  equations.  In  this  approach  the  interaction  can  be 
described  by  so-called  local  field  factors.  The  local  field  factor  Z,"  for  the  single 
nanoparticle  is  determined,  by  the  following  formula: 

where  is  the  local  electric  field  acting  on  the  particle  at  the  fundamental 
frequency  to  and  is  the  external  field  acting  on  the  system.  The  linear  and 
quadratic  dipole  moments  of  the  particle  aie  then  described  by  the  following 
formulae:  ^ 

d'“  =x‘'^r£:“'.  £“ 

Here  %  and  are  linear  and  quadratic  susceptibilities  of  the  nanoparticle, 
respectively. 

However  this  approach  ignores  several  important  factors.  Particularly,  it 
does  not  take  into  account  any  fluctuations  in  the  system  under  consideration.  It 
has  been  sf  'Wn  {1}  that  zero-point  quantum  fluctuations  in  the  system  affects  its 
optical  properties  significantly.  Namely,  the  linear  non-resonant  response  of  an 
atom  in  front  of  the  dielectric  surface  is  modified  due  to  the  Van-der-Waais 
interaction  between  the  atom  and  surface.  These  effects  a/^  of  the  same  order  of 
magnjtude  as  local-fieid  corrections  to  the  linear  response.  Moreover  the  size  effect 
in  the  SHG  from  the  Si-Si02  planar  structure  recently  ot  -erved  experimentally  [2l 
cannot  be  described  by  semii-lassical  formalism  but  interpreted  as  a  manifestation 
of  zero-point  fluctuations. 

In  the  present  paper  we  consider  more  general  scheme  of  the  calculation  of 
response  of  nanostructures  in  which  both  nanoparticle  and  electromagnetic  field 
are  described  quantL-m-mechanically.  This  allows  us  to  take  into  account  the  zero- 
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point  fluctuations.  We  focus  our  attention  on  the  resonant  response  of  the 
nanoparti-'le.  The  comparison  of  the  obtr'ned  result  with  the  serhiclassicai  one 
shows  the  dramatic  difference  between  them,  in  particular  for  the  nonlinear  case. 
Origin  of  this  difference  is  discussed. 

Let  us  consider  a  nanoparticie  that  inte’^acts  with  its  environment.  We 
suppose  that  the  environment  can  be  taken  into  account  by  the  proper 
renormalisation  of  the  Green  function  of  the  electromagnetic  field.  In  fact,  this  is 
the  classical  description  of  the  environment.  On  the  other  hand,  particle  and 
electromagnetic  field  are  treated  quantum-mechanically.  We  will  seek  for  a  shift  of 
the  resonance  of  the  particle  response  due  to  the  interaction  with  an  environment. 

The  Hamiltonian  of  the  system  under  consideration  is  divided  in  the 
following  three  parts;  (1)  Hamiltonian  of  the  particle  Hj,\  (2)  Hamiltonian  of  thfe 
electromagnetic  field  Hf  and  (3)  the  interaction  Hamiltonian 

Hamiltonian  includes  a  short-range  electromagnetic  interaction  which  is 

responsible  for  the  intercharge  bounds  in  the  particle.  This  short-range  part  should 
be  excluded  from  Hj  . 

We  use  an  approach  similar  to  quantum-electrodynamics  perturbation-theory 
-r^-heme.  The  interaction 

W,=^\P^A,(r)d^r  +  \p,Sr)A^{r)d^r)^  ^ 

is  considered  a.s  a  perturbation.' 

The  linear  and  quadratic  susceptibilities  .of  the  particle  in  the  dipole 
approximation  are  given  by 

•  fit) 

Above  equations  contain  the  dipole-momeni  operator  </(0  in  the  Heizenberg 
representation.  The  a  gular  brackets  denote  averaging  by  the  ground-state  of  the 
syst  '  Ti,  7  is  the  time  -  ordering ’Operator. 

The  response  of  a  bare  (i.e.  placed  in  a  free  space)  particle  is  described  by 
the  same  formulae,  but  with  operator calculated  for  the  Hamiltonian 
Hereafter  subscript  'O’,  denotes  operators  in  the  interaction  representation 
(Heizenberg  representation  for  Hamiltonian 

The  relation  between  operators  in  interaction  and  Heizenberg 
representations  is  given  by  the  evolution  operator  of  the  system 

In  the  zero-temperature  limit  we  obtain 
<  Td{i)d{i-x)  >=<  .V>--'<y,(0^/,(/--t)Exp[/ 

C  Tdit)d{t -x)d(t~x'}>--<  S>''<d,,{t)d^dt  -  s)c/;,(r-T')Exp[/ k.S'>j=  1. 
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The  further  analysis  can  be  performed  for  the  limit  case  of  the  frequency  of  the 
external  field  close  to  the  resonance  transition  in  the  nanoparticle.  This 
approximation  allows  to  find  out  that  the  interaction  with  environment  results  in 
the  shift  of  resonance  peaks  positions.  These  shifts  are  equal  for  linear  and 
nonlinear  cases.  The  resonance  peak  arising  from  the  transition  from  level  i  to 
level  j  is  shifted  from  k,,  to  co^.  -g.  where 

gu-  =  ]<<k\m„)d{o\k>(Mt„-o^ 

-ofi 

the  Green  function  is  determined  as  follows 

G„(T)  =  Iim{<7i:„(/,r)E,(/-x.r-r')>-[3r'r'-(/-')n/(r')'}. 

Last  term  in  this  formula  is  the  short-range  self-action  pai  t,  which  should  be 
excluded  from  the  interaction. 

The  obtained  result  can  be  interpreted  as  the  shift  of  electron  levels  in  the 
nanoparticle  due  to  the  Van-der-Waals  interaction  with  the  environment.  The  value 
of  the  shift  is  exactly  equal  to  what  the  direct  calculation  of  the  Van-der-Waals 
level  shift  give  [3]. 


1 

;  bare  particle _ 

- - - 

> 

quantum  calculations  . 

- local-field  scheine  .... 

-i— j - - - 1 _ _ 

%  (0 


Figure  /, 

Left  and  right  panels  shovi's  the  sketches  of  the  spectral  profiles  of  linear 
and  quadratic  response  of  the  nanoparticle,  respectively. 

The  following  legend  is  used:  dash  curves  -  bare  nan  }particle;  dot  curves 
-  local-field  calculations;  solid  lines  -  quantum  calculations. 


This  result  should  be  compared  to  the  local-field  factor  calculations. 

Let  us  consider  the  single  resonance  in  susceptibility; 

x'''(03)x — ? — 

co„  -w 

In  this  case  the  semiciassical  approach  also  predicts  the  shift  in  the 
resonance  peak  position  due  to  the  interaction  with  the  substrate,  However  the 
value  of  the  shift  is  different  and  equal  to  where  G;(c>)  is  a  Fomir-! 

transform 
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The  semiclassical  prediction  for  the  SHG  case  is  different.  Namely, 
semiclassical  formulae  give  the  second-order  pole  in  for  the  particle 

interacting  with  the  substrate.  The  corresponding  curve  is  shown  in  Fig.  1.  This 
unexpected  and  strange  spectral  behavior  of  the  second-order  response  is  obviously 
,  an  artifact  of  the  local-field  scheme. 

These  discrepancies  can  be  understood  if  one  consider  both  the 
susceptibility  of  the  particle  and  the  local  field  as  quantities  with  the  fluctuation 
part: 

The  values  with  superscript  are  averages;  the  values  with  superscript  fluct> 
are  fluctuationa!  parts  with  zero  averages.  Let  double  brackets  «»  denote  the 
averaging  over  zero-points  fluctuations.  The  local-field  approach  ignores  the 
presence  of  this  fluctuations.  For  example  in  the  case  of  the  linear  response  it  is 
valid  if 

«  d  »=«%£, ^^.»=«X»«E,^». 

The  later  equality  holds  if  « »=  0 ,  i.e.  if  the  local  field  and 
susceptibility  fluctuations  are  independent.  However  it  is  not  true,  because  a  part 
of  the  local  field  results  from  the  dipole  moment  of  the  particle  itself  (for  example 
it  may  be  a  field  of  the  image  of  the  particle  in  the  substrate).  From  this  viewpoint 
the  results  of  the  local-field  calculations  are  inconsistent.  ■ 

Summarizing,  we  have  presented  calculations  of  the  linear  and  quadratic 
response  of  a  nanostructures,  in  which  both  nanoparticles  and  electromagnetic  field 
are  described  as  quantum  objects  We  have  shown  that  the  semiclassical  approach 
gives  the  result,  which  is  qualitatively  inconsistent  with  what  more  accurate 
quantum-electrodynanics  calculations  give.  This  is  because  the  semiclassical 
scheme  ignores  the  zero-point  quantum  fluctuations  in  the  system  which  are 
actually  of  key  importance. 

Author  is  pleasant  to  acknowledge  Dr.  A.A.Nikuiin  for  helpful  discussions. 
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ELECTRON  SPECTRUM  IN  QUANTUM  SUPERLATTICE  Wmi  AXIAL 

SYMMETRY, 

M.  Tkach,  I.  Pronyshyo,  O.  Makhanets 
State  University,  7.  Kotsubinsky  str.,  274012,  Chernivtsi,  Ukraine 

The  spectra  of  quazipanicles  (electrons,  holes,'  excitons,  phonons)  in  homogeneous 
quantum  wires  have  been  widely  studied  [Ij.  As  the  problem  of  the  spectra  of  quaziparticles 
in  inhomogeneous  semiconductor  cylindrical  hclerosystcms  with  the  period  along  radial 
direction  is  concerned,  it  have  not  been  investigated  at  aU  as  far  as  wc  know.  Althougli  it  is 
interesting,  because  a  new  quantum  number  is  arising  when  concerning  such  systf-m.  It 
plays  a  role  of  quazimomentum  in  radial  direction.  Due  to  it  the  heterosystem  has  some 
specific  peculiarities. 

.  Semiconductor  heterosystem,  which  is  the  cylinorical  quantum  superlattice  (CQSL) 
with  the  period  in  radial  direction,  is  investigated  (i-if;.  1). 


Fig,  1  Cylindrical  semiconductor  hetcrosystem  with  the  period  in  radial  direction. 
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This  CQSL  creates  for  the  electron  a  periodic  potential  in  the  plane  perpcndicuiar  to 
the  axis  of  the  system  (the  countdowh  is  performed  up  from  the  bottom  of  the  potmtial 
well) 


U(p,(p)  = 


'Uo; 

0; 


Po+pLfSp^Po+a  +  pL, 

p<Po  andpo  +  a  +  pL<p<Po  +  (p  +  l)L, 


0) 


here  L  =  a  +  b  -period  of  the  potential,  a  -barrier  width  (material  1),  b  -quantum  well 
width  (material  2),  Pg  -radius  of  the  inner  crystal  (material  2).  The  electron  is  characterized 

by  the  cfTcctivc  masses  in  each  medium,  therefore 


P(P.<P)  = 


Po  +  pL<p<po+a  +  pL,  p  =  0I2, 

p^Po  and  po +a-i-pL<p<Po +  (p  +  l)L, 


(2) 


The  Schrodinger  equation  in  cylindrical  coordinates 

is  solved  exactly.  1  he  operators  Ljj  and  commutate  with  the  Hamiltonian,  so  the  total 
system  of  eigen  functions  of  these  operators  exists 


H/np.Kk^(P.<P.2)==(2^0''^exp[i(m(p  +  k^z)]f„^  (4) 

where  m  =  0,±i,... -magnetic  quantum  number,  lip  =  1,2,3,... -radial  quantum  number, 
kj,  -electron  quazimomentum  in  Z -direction,  t  -length  of  the  system  in  Z  direction. 

Radial  wave  function  satisfies  the  periodic  condition 

f(p  +  L)  =  exp(ikpL)f(p),  (^ 

where  kp -arbitrary  real  number.  The  solutions  of  the  radial  Schrodinger  equations  for  the 
regions:  0)p<Pg,  1)  Pg  :Sp  5p0 +a,  ^pg  +  a<p<Po+L  and 

3)Pq  +  L<p^Pg  -f-L  +  a,  taking,  into  account  (5^  can  be  wriltcu  in  the  form 

^o(p)  -  Ao^hO^P):  fi(p)  ^  Ajl|^|(ap)  +  B,K|^j(ap), 
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f2(p)  -  A2J|jnj(Pp)  4-  B2Njj„[(pp),  {€) 

f3(p) = exp(ikpL)[A,lf„|(ap)ii;.!|(a(p  +  L))  +  B,Kf„.(ap)K|-4(a(p  +  L))], 

where  Jjnij(p) .  N[j^j(p) ,  ii^j  (p) ,  Kj^i (p)  -cylindrical  functions  and 

“  =  r'^2p,(U„-E„^,|„|);  p=A-‘^/2p3E„^j„|.  (7) 

Wave  functions  fj^(p)  (S  =  0,1, 2,3)  and  their  densities  of  current  are  continuous  at 
the  interfaces  of  the  system.  These  conditions  determine  the  dispcrsional  equation 

COs(kpL)  =  F(E„p|^|),  (8) 

where  the  function  jj^j)  of  the  energy  of  quaiiiparticle  transversal  movement  is  given 

as  the  combmation  of  cyiindiical  functions  and  their  derivatives  in  fixed  points  p  =  p  0  +  a 
and  p  -  p  0  -h  L ,  The  analysis  of  the  equation  (8)  shows,  that  the  electron  energy  spectrum 
is  constructed  of  allowed  energies  (zones),  as  functions  of  quantum  number  (radial 
quaziiinpetus)  and  forbidden  zones. 

The  calculations  were  performed  for  the  semiconductors  CdS  and  HgS  (cubic 

sidecentered  modification)  widely  used  by  experimentatosc^  [2].  Fig.  2  .shows  the  dispersion 
law  Fjip^|jnj(kp)  for  the  electron  with  the  fixed  pQ  =  10aj^gg  and  period  of  potential 

=  ^-^^CdS  (acds.afigS "lattices constant). 

Each,  series  with  fixed  |m[  has  i-adial  quantum  number  Up  :=  1,2,3,...  up  from  the 
lowest  curve.  Such  system  is  characterized  by  constant  potential  barrier  Uq,  therefore  there 

is  the  final  number  of  allowed  zones  in  the  quantum  well.  The  analysis  of  (8)  equation 
shows,  that  when  the  width  of  potential  well  HgS  increases  and  the  width  of  barrier  CdS 

decreases,  theie  is  only  one  allowed  zone.  It  moves  monotonously  in  the  bottom  well 
direction.  Then  the  next  allowed  zones  appear.  The  bigger  is  the  width  of  the  well  the  larger 
number  of  zones  appears.  The  number  of  allowed  zones  essentially  depends  on  the  radius 
p  0  of  inner  cry'stal,  When  p  0  increases,  the  number  of  allowed  zones  is  incrcasiitg  atid 

they  arc  expanding.  At  p  0  w  i  0  —  1 2a j.jgS  and  small  kp  for  the  excited  stales: 
rip  =  2,  jmj  4,5,6,,,. ,  the  forbidden  zone  exists.  Its  width  is  decreasing  with  the  inorease 
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ofojmj.  Here  (at  small  kp)  space  quazimomentum  of  the  electron  is  equal  to  the 
quazimoraentujn  kj,. 

Considering  the  continuous  conditions  of  the  wave  functions  at  the  interface  at 
p  =  R  we  have  found  the  binded  Tamm's  states  with  the  energy  localised  in  the  forbidden 
zones.  These  energies  monotonously  move  in  the  bottom  well  direction  when  L  and  p  g 
increase.  Their  number  is  increasing.  At  p  q  oo  all  results  of  these  paper  are  equal  to  the 
well  known  results  [3]  for  the  one-dimension  superlatticc. 


Fig.  2  Dependence  of  the  energy  of  electron  transversal  movement  on  the 
quazimomcntuni  at  fixed  p  o  =  1  Oajjgs  and  L  =  -1-  . 
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EXCrrON-PIIONON  INTERACTION  EV  SPHERICAL  NANOHETEROSYSTEM 

CdS/?igS/H20. 

M.Tkacli,  V.Holovatsky,  O.Voitsekhivska,  M.Mikkalyova 

State  University,  2  Kotsubyasky  sir.,  Chemivtsi,  274012,  Ukraine 

The  spherical  nanohctcrosystcm  consisting  of  CdS  core  covered  by  HgS  shcU 
embedded  into  water  is  under  research.  The  electron  and  hole  spectrum  for  this  system 

was  found  in  the  model  of  the  finite  rectangle  potential  wells  and  the  effective  mass 
epprosimation,  The  polaiizational  vectors  and  Hamiltonian  of  the  confined  optical  and 
interface  phonons  w'erc  obtained  in  the  framework  of  the  dielectric  continium  model  in 
Ref.[l].  Here  we  study  the  excitons  electron  and  hole  interaction  with  each  other  and 
vrith  the  phonons  poiarizational  field. 

The  exciton  basic  state  energy  dependence  on  the  number  of  monoshclis  (n) 

(or  thiclmess)  KgS  at  the  fixed  radius  of  CdS  core  (Tq  ~  ^  shown  in  Fig.  1 ,  From 

the  figure  one  can  see  that,  though  is  decreasing  when  HgS  thickness  increases  but 

there  is  a  croock  of  the  curve  in  tlie  region  (2<;n:e'^.  In  order  to  understand  the  reason  of 
its  existence,  one  has  to  observe  the  partial  terms  of  -  the  energy  of  an 

electron  (hole),  AEg^  -  the  excilon  binding  function,  -  the  shift  of  the  exciton  energy 

isvei  due  to  the  interaction  with  phonons  in  the  same  figure. 

As  for  the  .system  under  research  Eq^  and  arc  the  monotonously 

decreasing  functions  of  ?j  then  the  croock  is  caused  by  the  nonliniar  dependence  of 
and  Ag.^  on  n .  The  behardour  of  two  last  values  is  clear  from  the  physical  considerations 
depicted  in  Fig.  2  where  the  density  of  the  electron  (bole)  probability  of  presence 
depending  on  their  distance  from  the  center  of  the  heterosystem  is  shown  at  several 
values  of  HgS  monoshclls(M). 

From  Fig.  2  one  can  see  that  at  0<n^2  the  hole  is  mainly  preseiit  in  CdS  and 
therefore  its  cnrrgy  is  determined  by  CdS  well.  At  ;?=3,4  the  hole  with  bigger  probability 
transits  into  the  deeper  well  HgS  and  consequently  its  energy  is  sharply  decreasing  and  it 
causes  the  croocking  of  curve. 

The  croocking  of  curve  is  partly  caused  by  the  nonlinear  dependence  of  Ag,^ 
on  ?i.  Naturally,  at  n~0  the  HgS  shell  is  absent  (Fig.2a).  Then  the  cxcitons  electron  and 
hole  are  located  in  CdS  crystiil  on  the  same  distance  between  each  other.  As  they  have 
the  equal  tnagii;tudc.s  of  charges  but  the  opposite  signes  and  diffcj  cnt  effective  ma.sses, 
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Fig.l.  Exciton  energy  dcpcndcncc(£'^jg )  on  the  number  (n)  of  HgS  monoshells 

Tq  ~  .  The  energy  of  an  electron  (Eoe^*  exciton  {E^x)  ~  solid 

curves;  exciton  binding  energy  energy  shift  ( Ag^)  -  dashed  curves. 


434 


K,hP*iiO'"  l‘K..hP*ip. 


435 


then  the  interacting  energy  is  partly  (Jornpensated  by  the  phonon  field.  As  the  result,  the 
basic  state  cxciton  energy  becomes  smaller  on  the  magnitude  of  the  shift  («-0)<  0. 

Wlien  the  heterosystem  contains  one  HgS  monoshell  (n=l),  then  one  can  see  from  Fig. 2b 
that  the  hole  is  located  in  CdS  but  the  electron  moves  into  HgS.  Herein  the  distance 
between  them  becomes  bigger,  consequently  the  compensation  of  intei action  energy  with 
phonon  field  is  smaller  and  that  is  why  the  energy  value  of  cxciton-phonon  interaction 
increases.  It  brings  to  the  increasing  of  \j^gx\'  (Fi8-2c)  the  location  of  electron 

and  hole  changed  not  very  much  and  therefore  the  distance  between  them  was  not  very 
changed  and  so  the  value  (n  ^  2)\  differs  not  very  much  from  ^)\ 

At  w=3  (Fig.  2d)  the  HgS  well  is  rather  wide.  There  is  not  only  electron  in  it  but 
also  the  hole  with  high  probability.  The  distance  between  these  quasiparticle.s  becomes 
smalle:’  and  so  the  compensation  of  energy  increases  and  \A^x\  decreases  (Fig.l).  The 

addition  of  one  more  HgS  monoshell  w=4  (Fig,2e)  causes  the  increasing  of  this  well 
widui;  the  maximum  of  electron  and  bole  probability  of  presence  is  shifted  into  the 
middle  of  the  well  but  as  it  is  rather  thin  yet,  this  makes  the  distance  between 
quasiparticle  to  be  minimal  and  brings  to  the  minimal  value  of  \A^x\  l)  The  further 

increasing  of  HgS  number  of  monosbells  (n^5)  causes  the  widening  of  the  well  and  due 
to  the  decreasing  of  the  influence  of  size  quantizating  effect  the  distance  between  the 
electron  and  the  hole  is  slowly  mcrcasing  (Fig.2f).  This  brings  to  the  increasing  of  [A^^l 

(Fig!) 

The  calculation  of  Eg^  at  has  not  any  seace  because  at  such  thickness  of  p- 
HgS,  \Ag^\  value  becomes  correlative  with  attd  therefore  it  is  necessary  to  take 

into  account  the  intcrlcvcl  interaction  due  to  the  phonons. 

The  results  obtained  in  the  developed  theory  can  be  compared  with  the  theoretical 
and  experimental  data  of  Ref,[l].  The  exciton  energy  values  obtiuned  with  the 
accounting  of  cxciton-phonon  interaction  fit  the  experimental  data  of  [1]  rather  welt.  But 
remembering  that  tlierc  are  only  two  experimentally  investigated  hctcrosystcms  it  seems 
that  it  is  necessary'  to  research  the  CdS/HgS/H20  heterosystem  in  wider  scale  of  HgS 
thicknesses 

[1]  M,Tkat;h,  V.Holo.atsky,  .  O.'Voitsckhivska,  M.Mmkova  //  International 
Symposium  Nan<>stroct.urcs:  Physica  and  Technology.  -  96  -  June  24-28  1996.  ~ 
St.Peteitiburg,  Russia  P.315-3n. 

(2]  Shooss  I  > ,  Ilev.  s  A  ,  EvchmOllcr  A.,  Weller  H.  //  Phys.  Rev.  (b).  1994.  V.49. 
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ELECTRON  AND  5IOI.E  SPECITI A  IN  EIA.^TFSOIOAL 
NANOEETEROSTRUCI'URE  (QEANTLTM  DOT) 

G.  Zegrya’^',  V.  Gok-vach.  A.  Koiistanlmovich,  M,  Ttacli 


*  A.  F.  Ioffe  p];yi;;cas  Tecbrdcal  St,  Petersburg,  194021,  Russia 

fJtatc  Uiirvcrsity,  2  Kotsub^^ns.ky  ;tr.,  Chernlvtsi,  Ukraine 

Recent  experirnenirti  mycstigstioiis  sho%Y  that  the  shape  of  tiie  grcnv’K  nanocryslals 
diiTer  froBi  the  spherical  one.  'fhe  3.riyr,otrophy  of  physical  cbarttc'ertsucs  (iiifiss, 
dielectric  constant.)  and  conditions  of  nano.stn.ictiire  crc.?.tion  lead  to  tbo  fact  that  the 
shape  of  obtained  nancciystfils  is  more  ellipsoidal  than  spherical.  Thus,  the  pfoblet.n  of 
the  electron  (iiole)  spectrum  and  the  wave  fiinotioiis  in  ellipsoidai  quantum  dot  crises.  Tt 
has  no  cx.act  solutio.u..  In  [1]  thus  problem  wss  solved  only  for  the  case  of  infinitely  deep 
ellipsoid, al  weU.  The  spectrum  and  the  wave  functions  of  the  system  it-shig  tiie 
approxLm..ated  method  and  deforjnat.ion  of  coordinates  wa.s  foimd  (at  the  small  values  of 
dcflbrmation) 

In  this  paper  ihc  spccira  and  wave  the  functions  of  an  electroa  (liolc)  in  the 
na.noheterostructure  consisting  of  semiconductor  ellipsoidal  nanocrystal  embedded  i?ito 
a  semiconductor  medi'am  iirs  mve,5tigrited.  Tlicrc  is  a  finite  skip  of  the  potemtiel  energy 
(“^<-('4))  ^'Ibpsuid  well  interface.  The  eiYcctive  mnsses  of  the  electron  (hole)  an; 

different,  in  gcac-oal  case,  in  different  med.j,a:  ~  ) " 

otit.sidc  of  th  e  v/dl  (in  tb.e  surroiindiiig  medium).  Thus,  v’s  get  for  the  ekctroit 

f~F. .  (he  eilivsoid  ,  inside  the  ellipsoid 

U(n^\  "  ■  '  .  (i) 

it?  , outside  of  the  ellipsoid  ,out  side  of  ihe  ellipsoid 


[t?  ,0 lit  side  of  the  ellipsoid  ,QVt side  of  the  ellipsoid 

f,7j=-Fv.-i-V  .  (2) 

2  m(r) 

fU-f  +  O  (3) 

In  order  to  find  the  spectrum  and  the  %rave  functions  one  can  use  Ik-ttc's 
variational  method,  In  tlms  case  the  ellipsoid  is  apprmdmated.  by  a  sphere  with  r,>  i  ?S(bus , 
It  plays  the  role  of  the  vari.«2tionaI  paramete,r.  Then  the  exact  Umciltouinti  can  la-  \v!  iimn 
as 

H:=Ho^-AH  ,  F) 

where  Hq d-Uff)  (f) 

is  the  Hamiitoiu.'in  of  the  electron  in  the  spherical  quantum  irt’di  with  radius. 

\-V,  ,  T<Tn  ,  ,  fWc-5  ,  r<rQ 

'  \  Q  ,  r>ro  ,  r>r^ 

Tiic  excited  par?  of  the  Han»ihortiaa  is 

MI -T~-7:-uU(r)-  Vfr)  .  O) 

Tljf  Sohrixhngcr  equadon 


.  ^h( r)  -- 
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(8) 

can  be  solved  exactly.  In  the  energy  region  where  the  binding  states  exist  the  spectrum  is 
delmed  by  the  solutions  of  the  following  transcendent  equation 


eh(Er)\  jt(kro)  (l/r) 

lr=r„  ”'-01  K(m)  ^ 


<» 


where  k=^y2ma(V,-k‘>\)  .  = 

The  wave  functions  are  given  as 


’Jt(l^ne^) 

jt(Ktro) 

htf^Xntro) 


htOXn^r) 


,  r^ro 


(10) 


The  coefficient  is  dcfiiid  by  the  normalization  condition. Finally,  in  accordance  with 
Bette’s  method,  the  spectrum  of  the  electron  (hole)  is  given  in  the  form 


E. 


'ntm 


=  min 


(11) 


rig  1  Pit-f.ticn  prif'fg/ ‘spf'dra  Bs  8  function  of  a. 

.  inth'tnol  sphere*^-'--  Byt^roBl  splww 

- Viir  J.rri;  fr,r*nijlii  - — our  msult-ii 


Further  calculations  of  matrix 
elements  and  minimization  procedure 
was  performed  for  the 
nanohctcrostructure  CdS/ZnS  of  cubic 
modification  with  parameters  given  in 
the  Table. 

We  have  performed  the 
calculation  of  the  thr^  lower  electron 
energy  levels  depending  on  the  si  e  of 
the  big  semiaxis  a  of  ellipsoid  in 
different  models.  The  results  ore 
presented  in  Fig.  1.  From  the  figmo 
one  can  see  that  in  both  our  approach 
and  Migdal's  method  the  behaviour  of 
the  energy  levels  is  qualitativly  equal; 
all  levels  arc  shifted  to  the  bottom  of 
the  well  when  a  increases  (the  small 
axis  (sjonmetry  axis)  is  constant 
o 

b  =  1  Sa®  -  87.27 A).  Their  energies 
arc  in  the  region  defined  by  the  radius 
of  the  inscribed  (b)  and  described  (a) 
.spheres  around  the  ellipsoid. 
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Ffg.  2.  The  spectrums  of  eieoton  and  hole 
as  a  function  of  a  (solid  l=0  ,da^edl=1). 

The  degeneration  on  the  qnantnm  number  m  is  taken  off  in  both  methods,  The  splitting 
values  arc  practically  equal  at  the  fixed  a  ,  b  (not  sensitive  to  the  difference  of  the 
potential  skip  at  the  heterostructure  interface)  despite  the  fact  that  the  Migdal's  levels  are 
always  lower  than  our. 

Figure  2  presents  the  electron  and  hole  spectra  depending  on  the  value  of  the 
o 

semiaxis  a  (b  =  Sag  =  29.09A  -is  constant). 

Finally,  let  us  note  that  the  approach  developed  here  can  be  used  for  the 
c&.’culatior  of  the  quaaparticles  spectra  in  different  nanoheterostructurcs,  the  spatial 
shape  of  which  can  be  approximated  by  a  sphere. 


Table 


■llllll 

BBZDi 

a{A) 

K{eV) 

CdS 

0.2 

0.7 

5.818 

2.5 

-3.8 

-6,3 

Zj^ 

0.28 

0.49 

5.4’ 

3.9 

-3.1 
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1  Introduction 

Metal/insulator  ultrathin  heterostructures  are  good  candidates  for  high-speed  electron  devices, 
because  the  high  carrier  density  of  the  metal  and  the  low  dielectric  constant  of  the  insulator  are 
suitable  for  size  reduction  and  high-speed  operation  of  devices  and  integrated  circuitsfl][21.  In 
addition,  due  to  a  very  large  conduction-band  discontinuity  at  the  heterointerface,  the  interfeience 
of  the  electron  wave  is  expected  to  become  significant  in  multilayer  structures,  which  result  in  high 

transconductance  and  multifunctionality  of  the  quantum-effect  devices[3][4]. 

We  have  been  studying  epitaxial  growth  of  the  metal/insulator  heteiosti'ucture  system[5J  and 
its  application  to  quantum-effect  electron  devices[61-[9J.  As  the  materials,  CoSi2  and  CaF2  have 
been  chosen  because  they  are  nearly  lattice-matched  to  Si  with  the  mismatches  of  -1.2%  and 
-tf)  6%  respectively.  In  this  paper,  we  describe  epitaxial  growth  oi  CoSi2  /CaF2  nanometer-thick 
layered  structures  and  quantum-effect  devices,  such  as  resonant  tunneling  transistors  and  quantum 
interference  transistors.  We  also  discuss  about  field-effect  tunneling  transistors  with  Si/CdFz  /CaFz 
and  its  epitaxial  growth,  which  can  be  extended  to  field-effect  quantum  devices  on  Si. 

2  Epitaxial  (Jrowth  of  CoSii /CaFi  on  Si 

In  order  to  create  CoSi:  /CaFj  epitaxial  multilayers,  epitaxial  growth  conditions  were  studied  sepa¬ 
rately  for  CaF.  onCoSb  andCoSi.  onCaF2  (5],  In  the  case  of  CoS  b  on  CaF2  ,  the  agglomeration 
of  Co  on  Ca¥i  is  a  critical  problem  if  we  use  co-deposition  of  Si  and  Co  with  conventional  MBE 
technique.  This  problem  was  overcome  by  the  following  two  sxp  growth  technique:  First,  fiat 
four  monolayers  of  Si  were  formed  on  CaFa  at  the  substrate  temperature  T,  =6()0^C.  Then,  two 
monolayers  of  Co  were  deposited  on  the  Si  layers  by  the  solid  pha.se  epitaxy  at  temperature  lower 
than  about  lOfi-’C.  Since  the  difference  of  the  surface  energy  between  Co  and  CaF2  ,  flat  two  inolo- 
laycrs  of  CoSi:  were  grown  on  CaFi  without  the  agglomeration  by  this  technique.  C0S12  layers 
thicker  than  two  monolayers  were  obtained  by  repeat:, ig  this  process  with  Si  growth  temperature 

of55(i'C.  •  u  T 

In  the  case  of  CaF.  on  CoSi.  /CaF;  .  T,  musi  be  lower  than  about  55{)''C  to  avoid  thermal 

ileforniation  and  agglomeration  of  CoSij  layeis.  We  used  the  partialiy  ionized  beam  epitaxy  to 
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give  external  kinetic  energy  for  migration  to  the  evaporated  particles.  CaFi  was  grown  on  CoSi^ 
at  7;  =^450°C  with  the  acceleration  vo.tage  K.  =2kV  and  the  ionization  current  /.  =.4(){)mA.  at 
which  condition  the  ionization  ratio  of  the  CaF2  beam  was  about  2%. 

3  Resonant  Tunneling  Transistor 

We  fabricated  CoSb  /CaF2  resonant  tunneling  Uansistors.  The  transistor  is  composed  of  a  few 
nanometer-thick  triple  CaF2  barriers  and  double  CoSb  wells  on  n-Si(l  1 1).  The  conduction  band 
offset  ;it  the  CoSi2  /CaF2  interface  is  about  15eV  and  the  Fermi  level  is  about  BeV  from  the 
conduction  band  bottom  of  CoSi2  .  These  values  were  estimated  from  the  related  vtilues  of  the 
bulk  materials[7].  The  emitter,  base,  and  the  collector  electrodes  are  connected,  respectively  to  the 
top  CoSi:  layer,  one  of  the  CoSi2  quantum  wells  near  the  emitter  contact  layer,  and  the  substrate. 
Electrons  pass  through  the  resonant  levels  in  the  two  quantum  v/ells  from  the  emitter  to  collector  if 
these  levels  are  aligned.  The  condition  of  the  alignment  between  the  resonant  levels  is  convrolled 
with  the  collector-base  voltage  14;^,  and  the  amountof  the  electrons  from  the  emitter  is  controlled 
with  the  ba.se-emitter  voltage  V^e.  Thus,  collector  current  fp  varies  with  Veej  ‘“'ti  exhibits  a 
negative  differential  resistance  (NDR)  with  respect  to  for  constant  As  a  different  case, 
if  the  base  electrode  is  connected  to  the  other  quantum  well  near  the  collector,  /p  exhibits  an  NDR 
with  respect  to  Vbe  for  a  constant  Kjb,  which  operation  is  similar  to  the  semiconductor  resonant 
tunneling  hot  electron  transistor  (RHET)  1 10]. 

In  the  common-emitter  configuration  of  the  fabricated  transistors,  we  observed  NDR  in  Ic-Vce 
cuiwe,  in  whcilvpeak  current  iS  controlled  by  Vue-  The  peal-to-valley  ratio  of  the  NDRs  was  1 3-1 9 
at  room  temperature. 

4  { >bservation  of  Hot  Electron  Interference 

As  a  quantum  effect  in  metal/insulator  system  other  than  the  resonant  tunneling,  the  interference 
of  a  hot  electron  wave  with  the  energy  higher  than  the  barrier  height  in  a  metal/insulator/meial 
structure  is  applicable  to  multifunctional  electron  devices[4|.  The  transmission  cpefhcieni  of  iic*. 
electron  passing  normally  through  this  structure  is  strongly  modulated  by  this  interference.  This 
effect  is  the  same  as  that  in  an  optica!  Fabry-Perot  interferometer.  The  interference  is  mucli  larger 
in  metal/insulator  system  compared  to  conventional  semiconductor  heterostructures  because  of  the 
large  band  off.set. 

To  observe  this  interference,  we  fabricated  a  quantum  interference  transistor  structure,  which 
IS  compo.sed  of  a  double -barrier  resonant  tunneling  emitter,  base  layer,  collector  barrier,  rtiid  a 
colle  tor  region  on  a  Si  substratel_S>l.  Hot  electrons  with  collimUted  energy  are  emitted  frcMii  the 
resonant  tunneling  emitter,  and  injected  into  the  conduction  band  of  tho collector  barrier  in  wiiich 
the  interference  takes  place.  The  interference  can  be  observed  as  multiple  NDRs  in  the  coiloclor 
current  Ip  as  a  function  of  Vue  ot 

In  the  fabricated  transisior.s,  we  observed  multiple  NDRs  in  fr-1  curve  at  room  temperature. 
The  voltage  interval  between  the  udjacciu  NDRs  was  about  1 .5V  which  is  in  ieasonabiy  agreement 
with  theoretical  calculation  (about  IV)  [9].  Stepwise  current  variation  was  obseived  in  hrVr), 
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curve  at  V(;b’s  of  the  NDRs  in  Iq.  This  can  be  attributed  to  additional  electrons  in  Ib  at  NDRs 
produced  by  the  reflection  at  the  collector  barrier  interference  region. 

Although  room-temperature  operation  was  obtained,  the  NDRs  are  very  small  due  to  the  leak 
current  in  or  around  the  device,  and  also  due  to  the  emitter  parasitic  resistance  produced  during  the 
fabrication  process.  The  improvement  of  the  characteristics  is  possible  by  optimizing  the  device. 


5  Field-Effect  Quantum  Device 

In  the  view  point  of  input  impedance,  circuits  design,  and  power  consumption,  field-effect  device 
is  desirable  ajso  in  quantum-effect  devices.  We  proposed  a  very  short  channel  tunneling  field  effect 
transistor  with  CoSi-  /Si/CdF2  /CaFo  heterostrucute[ll]  as  a  basic  device  which  can  be  extended 
to  field-effect  quantum  devices, such  as  coupled  waveguide  devices.  In  device  operation,  current 
from  source  (CoSi2  )  to  drain  (CoSb  )  through  tunneling  barrier  at  source  (Si)  -  channel  (CdF2 
)  -  barrier  at  drain  (Si)  is  controlled  by  gate  electric  field  applied  to  barrier  at  source  through 
gate  insulator  (CaFa  )  and  channel  (CdFj  ).  Theoretical  analysis  shows  that  this  transistor  has 
chiaacteristics  with  saturated  drain  current  in  Id-Vds  curve  even  with  the  channel  length  of  20nm 
and  5nm. 

To  realize  this  transistor,  growth  of  CoSis  /Si/CdFj  /CaFz  on  Si  is  necessary.  Although  CoSi2 
/Si  and  CdF2  /CaF2  in  these  heterostructures  have  already  been  reported!  12] [13],  growth  of  Si  on 
CdF^  has  not  yet  been  reported.  To  grow  this  heterostructure,  we  employed  the  twb-temperature 
step  lechnique;  three  monolayer  Si  was  grown  at  low  temperature  (about  50°C)  on  CdF2  /CaF2  in 
the  first  step,  and  then,  further  Si  layer  was  grown  at  high  temperature  (about  300“C)  in  the  second 
step.  This  technique  was  effective  in  avoiding  the  thermal  damage  of  CdF2  and  reaction  between 
CdF2  and  Si.  Obtained  results  showed  a  single-crystalline  nature  in  RHEED  and  a  flat  surface 
image  in  AFM  observation. 

6  Conclusions 

Quant-  n-effect  dev  ices  with  ieta!(CoSi2  )/^nsulator(CaF2  )  nanometer-thick  heterostructures  were 
fabricate  i  on  Si  substrates,  and  operated  at  room  temperature.  Resonant  tunneling  transistors  were 
fabricated  and  transistor  action  including  negative  differential  resistance  with  the  peak-to-valley 
ratio  of  about  19  was  observed  at  roonitei^perature.  Quantum  interference  transistors  utilizing 
electron  interference  in  the  conduction  band  of  an  insulator  sandwiched  between  metal  layers 
was  fabricated  and  multiple  negative  differentia!  reistance  was  observed  at  room  temperature. 
We  proposed  a  very  short  channel  tunneling  field  effect  transistor  with  CoSi2  /Si/CdF2  /CaF2 
hetero.sfucute  which  can  be  extended  to  field-effect  quantum  devices.  Si  layer  on  CdF2  in  the 
heterostructures  of  this  device  was  grown  by  the  two-temperature  step  technique. 
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N.T.Bagraev,  E.I.Chaikina,  W.GehlhofT «,  L.E.Klyachkin.I.I.Markov,  and  _ 
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We  present  the  first  findings  of  the  infrared  induced  emission  from  the  silicon  quantum 
wires,  which  is  due  to  the  formation  of  a  correlation  gap  in  the  DOS  of  degenerate  hole 
gas.  The  quantum  wires  of  this  art  are  created  by  electrostatic  confining  potential  due  to 
impurity  correlations  inside  ultra-shallow  p^-n  junctions  which  are  realized  using 
controlled  surface  injection  of  self-interstitials  and  vacancies  in  the  process  of  non¬ 
equilibrium  boron  ditiusion. 

The  diffusion  experiments  involving  boron  were  performed  from  gas  phase  into  350  pm 
thi;  k  n-type  Si  (100)  wafers.  The  working  and  back  sides  of  wafers  were  previously 
oxidized  using  the  thermal  oxidation  process.  The  parameters  varied  in  the  course  of  the 
short  time  diffusion  of  boron  were  the  oxide  overlayer  thickness,  diffusion  temperature 
(800°C-1100°C)  and  Cl  levels  in  the  gas  phase.  Diffusion  profiles  measured  using  SIMS 
technique  demonstrate  the  depths  in  the  range  from  5  nm  to  20  nm.  The  cyclotron 
resonance  findings  and  current-voltage  characteristics  measured  at  different  angles 
between  the  p  n  junctions  plane  and  the  bias  voltage  show  that  the  p+  diffusion  profiles 
consist  of  both  nat”ral  longitudinal  and  lateral  quantum  wells,  the  relative  number  of 
which  is  determined  by  the  non-equilibrium  diffusion  conditions.  Besides,  the 
crystallographically  dependent  quantized  conductance  obtained  at  high  temperature  (77  K 
and  300  K)  has  revealed  the  quantum  wires  induced  inside  natural  quantum  wells  by  the 
s.  ong  electrostatic  confining  potential  due  to  ordering  B+-B-dipoIe  centres. 

Using  temperature  dependencies  of  thermal  friction  coefficient  as  well  as  direct  and 
reversal  CV  characteristics,  the  Cw  symmetry  B+-B-  dipole  centres  are  demonstrated  to 
cause  the  formation  of  a  correlation  gap  in  the  DOS  of  degenerate  hole  gas  m  the 
crystariOgraphically  oriented  quantum  wires  (Fig.  1).  The  dispersion  in  the  energy  of  a 
correlation  gap  is  dependent  on  local  fluctuations  in  the  dopant  distribution  along  a 
quantum  wire,  which  represent  the  places  of  the  creation  of  isolated  quantum  dots  under 

the  gate  voltage.  •  *  i 

The  generation  of  similar  quantum  wires  with  isolated  quantum  dots  using  external 
electric  fields  has  been  found  to  be  responsible  for  the  infrared  emission  in  the  range  1-10 
pm,  which  is  induced  by  the  injection  of  non-equilibrium  carriers  into  quantum  wire 
systems  (Fig.2).  These  results  represent  the  basis  toward  the  infrared  silicon  lasers  in  which 
both  electrons/holes  and  photons  are  fully  quantized.  The  dipole  impurity  microcavity  that 
is  a  length  of  quantum  wire  (d)  restricted  by  two  isolated  quantum  dots  is  shown  to 
produce°the  lasing  oscillations  at  the  wavelengths  determined  by  a  correlation  gap  value, 
which  coincide  with  the  resonance  wavelength  of  the  microcavity  (A.).  The  microcavity 
dimensio-  has  been  found  to  reveal  from  the  period  of  Aharonov-Bohm-like 
magnetoconductance  oscillations  in  external  magnetic  field  directed  along  the  quantum 
wire:  h/2e=AB-ndV4;  where  dsX  (Fig.3).  Besides,  the  magnetoconductance  changes  due  to 
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the  Larnior  precession  of  holes  in  lateral  magnetic  field,  which  are  dependent  on  initial 
spin  states  lt>  and  li>,  demonstrate  also  the  period  (T)  correlated  with  the  resonance 
wavelength:  1-vTnsX;  where  v  is  the  spin-dependent  velocity  of  holes  (Fig.4).  The 
threshold  character  of  the  irradiative  power  and  dynamic  spectrum  narrowing  found  at 
3591  nm,  3744  nm,  3969  am.  4457  nm  and  4881  nm  as  a  function  of  the  current  that 
traverses  the  quantum  wire  with  isolated  quantum  dots  are  evidence  of  light  stimulated 
emission  from  silicon  nanostructures  (Figs. 5  and  6). 


Fig.l.  One-electron  band  scheme  for  a  quantum, wire  with  a  correlation  gap  under  the 
passage  of  a  longitudinal  current  along  silicon  quantum  wire  in  p*-difFusion  profile. 


2  3  4  5 
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WAVELENGTH  [jam] 

Fig.2.  Spectrum  of  the  infrared  emission  frc  n  the  ultra-shallow  silicon  p'^-n  junctions 
under  the  passage  of  a  longitudinal  current  along  silicon  quantum  wire  in  p'^-  diffusion 
profile  at  300K.The  power  of  infrared  emission  at  different  current:  900  mW-mm-^,  100  niA 
(curve  1);  680  mW  nim-^  50  mA  (curve  2);  450  mW  mm-^  35  mA  (curve  3). 
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Fig.3.  Aharonov-Bohm-like  magnetoconductance  oscillations  observed  in  ultra-shallow 
silicon  p+-n  junctions  under  reverse  voltage.  The  periodicity  of  the  oscillations  corresponds 
to  AO=h/2e;  h/2e=AB  S  is  the  wavelength  of  the  infrared  emission, 

which  coincides  wit’;  the  dimension  of  the  microcavity  (d).  Urw:  1-0. 18V;  2-0.29V;  3-0.35V. 


Fig.4.  Larmor-like  magnetoconductance  oscilla.ions  induced  by  lateral  magnetic  field  in  a 
quantum  wire  created  by  reverse  voltage  applied  to  ultra-shallow  silicon  p'*^n  junctions. 
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iFig.S.  Dependence  of  the  radit  tive  power  on  the  longitudinal  current  along  QW  silicon  p-" 
-  diffusion  profile  obtained  at  diffusion  temperature  900°C  in  n-type  silicon  (100)  -  wafers 
with  thin  oxide  overlayer.  T=:300  K,  X,=3591  nm.  Ith==18  mA. 


V/AVELENGTH  [iim] 


Fig.6.  Electroluminescence  spectra  recorded  at  300  K  under  the  passatte  of  a  longitudinal 
current  along  QV/  silicon  p^-diffusion  profile  obtained  at  diffusion  temperature  900°C  in 
n-type  silicon  (lOO)-wafers  with  a  thin  oxide  overlayer.  1-30  mA,  2-50  mA,  3-70  mA. 
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M?  l/riELEMEiNT  PliO TODE'J'KCTOR  MiJLTISCAN: 
li  ANDOM  I'ELEGRAPn  SIGNAL  IN  SINGLE- El. ECTOON  TUNNELING 
TRANSPORT 

N.T.Bagracv,  L.E.Klyachkin,  A.M.Malyarcnko,  B.G.Podlaskin,  N.A.Tokranova 

Ioffe  Physico-Tcchnical  Institute.  Russian  Academy  Sciences 
194021 ,  Polytchknicheskaya  26,  St.Petci-sburg,  Russia 

Wc  present  the  first  findings  of  the  quantii,ed  conductance  and  its  reproducible  mesoscopic 
iluctuations  which  identify  a  single-electron  transport  in  the  multisean  that  represent  the 
muUieletnont  photodetcctor  obtained  using  self-assembly  silicon  quantum  wells. 

Ihc  muiliscan  is  the  coordinate-sensitive  photodclector  intended  to  determine  the  space 
position  of  the  optical  signal  inside  the  device 
itself  by  the  compar'  on  of  the  opposing 
photocuiTcnts  flowing  fi’om  a  resistive  voltage 
and  a  common  low-resistancc  signal  bar 
through  a  -set  of  the  oppositely  sensed  pair 
photodiodes  (Fig.l)  (M-  To  operate  the 
coordinate  4  of  the  liglit  spot  centre,  a  suppl>' 
voltage  U  is  applied  to  the  divider,  whereas  the 
sigitaf  bar  is  connected  to  a  high-resistance  load 
(Pig.i).  Therefore,  a  potential  F  corresponding 
to  the  cquali/ntion  of  the  total  photocurrent  in 
ihe  douce  to  zero  appears  on  the  signal  bar.  The 

coord<riate  feature  I  —  “  t,  as  well  as  its 

OX 

gradient  E'  j  2 

rcsi)ons4ite  for  periodic  instrumental  error  introduced  into  tiie  mea.surements  are  the  most 
important  parameters  of  the  multiscan  (I).  In  order  to  enhance  the  resolution  of  the  V(£)  and  to 
mmimize  the  it  is  neccssarv  to  suppress  the  diffusion  comiwnent  ofllte  photocuirent  along 

the  muhi.scan  area  and  to  provide  the  lialiislic  transport  of  the  piiotocamers  between  the  dmder 

and  the  signal  bar  that  can  be  achieved  using  quantum  welLsj'Stems. 

The  goal  of  this  work  is  to  studv  the  quantized  conductance  and  its  reproducible 
mesos  .o-jic  fluctuations  as  guideline  in  determining  the  o(Uimal  parameters  of  the  multi.scan 

pcifo'-med  on  the  basis  of  sclf-a.sscmbly  silicon  quantum  wells. 

Tlie  multiscan  has  been  realized  using  controlled  injection  of  sclf-interstitials  and  vacancies 
in  the  process  of  non-equilibrium  boron. phosphorus  dilfusion  [2]  into  n-type  Si  (100) 
n^onocr-stalline  stniclurcs  insulated  by  the  SiO,  alloys  (kig.l  ).  The  parameters  varied  m  the  course 
of  the  short  time  diffusion  ofooron  (//n-diodcs)  and  phosphorus  (divider  and  signal  bar)  were  the 
node  over’-.-cT  thickness  and  ditlusion  temperarurc  (80((”<M100  “O.  Lllra-sharp  diffusion 
prnf  k‘:  mea-mred  usina  the  liLMS  lcchnii{ue  arc  present  in  Fig.:.  The  cyoiolron  resonance  findings 
and  anoukn  dependencies  of  the  r\’-charac(cristics  show  that  both  the  p  -  and  n  -ddlmion 
jrofi  <  eiui-isr  o*' ciystaHographie.ally-ordered  lateral  (lu.iniuin  vefis  (I  aQW )  (l  ig.3)  divided  by 
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Figl 

'I’opologkid  stnUiire  and  electrical  equivalent  scheme 
of  the  multiscane. 


tlie  high  uncrgv'  bairici's  due  to  self-orderitig  ol  the  dopants  [3],  Besides,  the  thenno  -emf  data  and 
erystatIc..Ta])hically  dependent  quantized  conduetance  obtained  ai  77  K  and  300  K  have  revealed 
dynamic  quantum  wues  induced  inside  self-assembly  quantum  wells  by  the  clcetvoslalieally 
ordering  both  the  B"-  B'  and  P'  dipole  centres  [3]. 

- a  —  ^ — - — ■ — —  Ilie  o^y)  dependen- 

j  eics  obtained  with 

£  studying  the 

?  \  \  scans  ciiaractcriz.ed 

\  S  \  leakage 

■S  \  "ij  \  current  have  revealed 

1'°'’  1  I  "^  \  single  step 

2  \  1  *  \  (Fig.4a),  the  Con¬ 
s'®'  \  •  c  »  \  lomb  staircase  (CS) 

\  jo"  1  and  Cloulomb  blocka- 

10'“  1  .  ,1  -  de  (CB)  (Fig.  3a)  as 

\  I  well  as  randop'  telc- 

10 -I — 3 _ _  ■  1  graph  signal  (RTS) 

0  ,,o‘c?n-  '  *  “  which  result  from 

a  b  elastic  back  .scattering 

2  tunneling  ol 

-  SIMS  data  for  boron  (a)  aid  phosphoius  (b)  diffusion  profiles  oWained  at  diffu.sion  singlc-clcclnms 

temperature  of  800”  C  (a)  and  1  lOO”  C  (b)  in  n-t>'pc  SiBOO)  ( SFIT),  whereas  some 


-  SIMS  data  for  boron  (a)  a.)d  phosphoius  (b)  diffusion  profiles  oWained  at  diffu.sion  smglc-cicclnms 

temperature  of  800”  C  (a)  and  1 100”  C  (b)  in  n-t>'pc  SiBOO)  ( SFIT),  whereas  some 

special  features  are  absent  in  the  corresjronding  characteristics  of  the  ordinary  muliiscan  (Fig.  5b). 
Since  the  p'^-  and  n^-diffusioi\  profiles  reprc.sent  the  epmbination  of  dynamic  (juanium  wires,  the 
conduction  patn  is  composed  of  very  large  number  of  parallel  an  ays  of  tunnel  junclions  which  are 

able  to  pass  or  to  reflect  back  the  electrons  according  to  the 
content  of  the  dipole  impurity  centre’s  fluctuations  near  the 
”  LaQW  edges,  lire  cla.stic  back  scattering  on  such 

j  \  N\  j  fluctuations  depends  for  its  action  cii  the  conductance  step 

■A  1  c<iualto-^cF//j(Eii{lOO:!)or8^7/i(E!!i:nO]),  F.ji[in)) 

)  j  [3],  vv!,ich  exhibits  the  influence  of  the  conduction  valleys, 

I  forming  the  Coulpmb  staii-case  (Fig.  .3a)  and  enhancing  Ih*' 

oonductance  value  (curves  2  in  Figs.4a  and  5a};  <t--? 
g^-e7h  (where  ei-2  -  Ell  [100]  and  -Eli  1110], 

*  _ _ ^  [in]). 

\  The  initial  single  step  of  the  conductance  .seems  to 

he  due  to  a  qiiasi-adiabatic  transport  of  .single  elections 
I  ^  Vi  through  the  pair  of  p'^n-junclions  or  strong  elastic  oack 

I  /  scattering  dueetly  from '-010  p'n  junclion  area  (Eig.4a). 

Random  telegraph  signal  '.-''hibited  as  rcfiroducibic 
mesoscopic  lluctiialions  of  the  condoctance  (Fig.  lh)  re.sull.s 
from  single-electron  tunneling  Iranspoil  through  t|u.inltiin 

,,  ,  . I,  dot  states  localized  on  the  dipole  impurity  ccntr.ris 

Scll-ii.ssemblvaif!ustonquaiiHun  wdh  ,  .  ,  ,  \ 

obt.am.dumkise.rn>cemu‘cuonof  fluctuations  which  arc  induced  by  the  '-gale  xollagc 
vacaju-ics  (OW-,  i  1 1  OOP  aiKUdf-  distributed  along  the  divider  and  the  sign..il  b.u  tbig.  1).  r\t 

miorshia:’.  (Q\V,  Blill)  an  apniied  voltage  where  one  such  tiu.miurn  dot  all;', ns  with 
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The  quantised  conductance  vs  the  voltage  applied 
between  divid.er  and  signal  bar  of  the  multiscajt  with  low 
dark  leakage  cunent  (a)  and  the  ordinary  mnltiscan  (b). 
“(a)-  1-Eri[100;2-El  1(110] 
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the  Fermi  level,  a  new  channel  is  opened  for  electron  tunneling  and  the  current  through  Uie  device 
exhibits  a  4e^/h  step-like  increase  (Fig. 4b).  Mesoscopic  character  indicates  that  the  switching  event 

is  a  quantum  transport  between  two 
closely  spaced  ttinneling  channels, 
lliis  conclusion  has  been  siiown  to 
be  confirmed  independently  by 
universal  fluctuations  of  the 
conductance  v/hen  changing  the 
coordinate  of  the  dark  current 
measmcinents  (Fig.  6a).  The  value  of 
these  fluctuations  is  conserved 
(Fig.6b)  ev'en  if  tire  xnultiscan  is 
inletferior  to  demonstrated  above 
because  of  the  diffusion  current 
component  crossed  some  part  of  self- 
a.ssenibly  quantum  weUs. 

llius,  the  quantized 
conductance  and  single  electron 
tunneling  exhibited  as  its  mc.soscopic 
reproducible  fluctuations  have  been 
shown  to  represent  some  criterion  for 
the  optimal  characteristics  of  the 
multiscan,  which  are  provided  by 
using  self-assembly  silicon  quantum 
wells. 
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SELF-ASSEMBLY  QUANTUM  WIRES  CREATED  BY  IMPURITY  DIPOLE 
ORDERING  IN  SILICON 

N.T.  Bagraev*.  W.  Gehlhoff*,  L.E.  Klyachkin*,  A.M.  Malyarenko', 
and  A.  Naeser”. 

*A.F.  Ioffe  Physico-Technical  Institute,  St.Petersburg,  Russia. 

**  Institut  fiir  Festkorpeiphysik,  Technische  UniversP.at  Berlin, 
Hardenbergstr.36,  D- 10623  Berlin,  Germany 

We  present  the  Prst  findings  of  quantized  conductance  and  EPR-EDEPR  techniques 
which  reveal  the  spin-dependent  confinement  and  quantization  phenomena  m  the  silicon 
quantum  wires  created  by  electrostatically  ordering  self-assembly  dipole  boron  (B+-B0  and 
phosphorus  (P'-P-)  centres.  These  Csv  symmetry  dipole  impurity  centres  are  regularly 
arranged  along  the  barriers  of  single  longitudinal  and  lateral  quantum  wells  (LQW  and 
LaQW)  which  are  naturally  forthed  inside  ultra-shallow  silicon  diffusion  p-n  junction 

^  ^  Short-time  diffusion  of  boron  and  phosphorus,  respectively,  was  perfomted  from  gas 
phase  into  n-  and  p-  type  Si  (100)  wafers  using  controlled  surface  injection  of  self- 
interstitials  and  vacancies.  By  varying  the  parameters  of  the  surface  oxide  layer  and 
diffusion  temperature  (800°C-i  I00°C)  it  was  possible  to  define  the  criteria  leading  to  the 
ultra-shallow  p-n  junction  (5  nm-30  nm),  which  were  controlled  using  SIMS  and  STM 
techniques.  The  cyclotron  resonance  (CR)  and  current-voltage  (CV)  dependencies,  which 
are  brought  about  the  deflection  of  the  bias  voltage  from  the  normal  to  the  p-n  junction 
plane,  show  that  the  p''-  and  n"--  diffusion  profiles  consist  of  LQW  or  LaQW  generated 
between  two-dimensional  alloys  that  contain  self-assembly  boron/phosphorus  centres 
(Fig.2).  The  logarithmic  temperature  dependence  of  resistivity  have  revealed  a  weak 
localization  regime  of  two-dimensional  hole  gas  (Fig.3  a),  which  is  transformed  in  the 
quantum  wire  system  under  the  voltage  applied  along  both  LQW  and  LaQW  (Fig.3  b  and 
Fig  2  b)  A  negative  magnctorcsislance  that  is  evidence  of  a  weak  localization  at  low 
electric  field  has  been  also  found  (Fig.4).  Spin-dependent  antilocalization  due  to 
Dvakonov-Pere!  mechanism  has  been  revealed  to  be  in  low  magnetic  field  equai  to  the 
local  magnetic  field  of  the  ^Si  nuclei  (Fig.4).  Thermo-emf  and  tunnelling  CV 
measurements  demonstrate  that  these  quantum  wires  seem  to  be  created  by  electrostatic 
confining  potential  of  self-assembly  dipole  B^-B'  and  P'^-P'  centres  (Fig.2).  The 
crvstallographically  dependent  quantized  conductance  has  revealed  dynamic  quantum 
wires  that  are  induced  by  the  voltage  applied  along  both  LQW  and  LaQW  and  exhibited 
the  valley’s  effects  (Figs.5  a  and  b).  The  quantized  conductance  technique  has  also 
identified  new  near  edge  resonances  that  appear  in  I(V)  dependence  and  are  due  to  hole 
scauering  on  single  iron-related  centres  because  of  the  interaction  between  the  d-Ievels  and 

minibands  in  quantum  wires  (Fig.5  c).  .  ,  j  •  i 

Spin-depen.dcrii  dectron/hole  confinement  has  also  made  it  possible  to  study  single 
impurities,  which  are  present  in  quantum  wires,  by  the  EPR-EDEPR  method  using  the^^ 
versions  of  both  spin-dependent  weak  localization  (Fig.6  a)  and  spin-depende.nt  scatteiing 
(pig  6  b).  Be.sides  signals  from  the  iron-relaied  cen'.res,  phosphorus  and  oxygen  thermal 
donors,  a  new  line  that  seems  to  be  due  to  tin  C symmetry  B  -R-  dipoles  is  found. 
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Finally,  the  quantized  conductance  technique  is  applied,  for  the  first  time,  to  investigate 
the  electrically-  and  optically-induced  nuclear  polarization  in  a  weak  magnetic  field  as  a 
result  of  the  hyperfine  interaction  of  the  lattice  nuclei  with  both  spin-polarized  Tomonaga- 
Luttinger  Liquid  in,  dipole  impurity  quantum  wires  and  Spin-polarized  holes  injected  from 
quantum  wires  to  the  p-type  silicon  substrate  by  Aronov  mechanism. 


Figl.  Three  dimensional  diagram  of  the  one-electron  band  scheme  of  an  ultra-shallow  p'^n 
junction  which  is  a  system  of  LQW  and  LaQW 


Fig.2.  Model  for  an  elastic  reconstruction  of  a  shallow  acceptor,  which  is  accompanied  by 
the  formation  of  Cw  dipole  centres  as  a  result  of  the  negative-U  reaction;  (a- 

E=0;  b-E|  ![00IJ). 
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Fig.3.  Temperature  dependencies  of  the  resistivity  of  the  p'^-diffusion  profile 
a  LQW  system,  w'hich  was  obtained  at  in  n-type  Si  (100)  wafer  (a-low 
b-strong  electric  field). 


consisting  of  , 
electric  field; 


Fi<’.4.  Variation  of  the  resistance  with  magnetic  field  in  2D  hole  gas  inside  LaQW  formed 
by^dipole  impurity  ordering  in  ultra-shallow  p+n  junction  Ell  [100]  :  1-U=0.07V;  2-  0.13V; 
3-0.22V. 
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Fig.5.  The  quantized  conductance  (QC)  at  77  K  vs  crystallographically-oriented  drain- 
source  voltage  applied  along  the  [001]  (a,c)  and  [01 1]  (b)  crystallographic  axes  to  the  QW 
p'*^-difrusion  profile  obtained  at  900°C  in  n-type  silicon  (100)-wafer  (N(P)=:2  lOWcm-3)  with 
a  thin  oxide  overlayer. 


325  330  335  340  345 

MAGNETIC  FIELD  [mT] 


Fig.6,  EDEPR  signals  of  P-hf  and  exchange  lines  and  additional  X-line  for  QW  n"p 
junctions  obtained  at  1  lOO^C.  Magnetic  field  B I  I  <11 1>  in  the  plane  perpendicular  to  the 
(100) -interface;  T=3.8  K,  microwave  power  1  mW  (a),  50  mW  (b),  v-'9.4S  GHz. 
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Current  Instabilities  in  the  Auger  Transistor 

E.V.Ostroumova  and  A.A.Rogachev 
A.r. Ioffe  Physical-Teclinica!  Institute  of  RAS,  St, -Petersburg,  Russia 


This  paper  is  devoted  lo  investigation  of  current  instabilities  in  the  silicon  Auger  transistor. 
For  the  first  time  we  succeeded  in  fabricating  the  Auger  transistor  [1].  The  main  problem  of 
Auger  transistor  is  iniection  of  high  energy  electrons.  Another  problem  is  to  achieve  a  high 
frequency  capability.  Here  is  very  important  to  inject  high  energy  electrons  into  the  collector 
region  in  which  electric  field  is  strong  enough.  These  problems  have  been  solved  using  an  Al- 
SiOr-  heterostructure  with  tunnel  transparent  intermediate  oxide  layer  [  2-6  ].  In  this  case  the 
roie  of  the  wide-gap  emitter  is  played  by  a  metal-oxide  heterojunction. 

Fig.l  shows  the  energy  diagram  of 
I  ^jpa^to  Auger  transistor  based  on  the 

^ — P*  tunnel  MIS-structure, 

A  "  In  the  transistor  the  metal  is  biased 

I  ’  negatively  with  respect  to  the 

—  — -*>©  semiconductor.  Base  of  the 

^ 1  transistor  is  a  hole  charged  layer 

I  "• — induced  by  electric  field  which 
—  \J\\  exists  in  the  oxide  layer.  The 

k  thickness  of  the  base  is 

\  approximately  equal  to  the  width  of 

Fig  1.  surface  selfconsistent  quantum  well 

for  holes  which  about  ~10'^cm;  the 
well  depth  is  equal  to  0.7  eV  or  higher  [3].  In  general  the  bigger  is  the  voltage  drop  across  the 
oxide,  the  higher  is  the  energy  of  injected  electrons. 

As  far  as  we  know,  virtually  nothing  has  been  published  about  other  cases  of  successful  use 
of  the  impact  ionization  process  for  the  current  amplification  in  transistors.  The  creation  of 
electron-hole  pairs  by  impact  ioniz  .tion  is  the  fastest  physical  process  in  semiconductor.s,  at  lest 
knows;  at  present,  which  can  be  used  for  amplification  and  generation  of  clccinc  signals  Another 
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semiconductor  device  using  the  Auger  generation  to  obtain  high  frequency  oscillations,  is  Rea<i 
diode  [73.  This  device  operates  in  a  frequency  range  up  to  lO"  Hz  or  even  higher.  However  this 
active  device  has  two  electric  contacts,  that  cause  considerable  practical  problems.  The  ionb^ation 
and  drift  regions  in  the  Auger  transistor  are  strictly  spatially  separated,  The  energy  of  injected 
electrons  is  controlled  by  the  base  voltage.  So  the  impact  (Auger)  ionization  is  governed  by  the 
base  voltage,  but  drift  of  electrons  depends  mainly  on  the  collector  region.  The  electron-hole 
pairs  are  appearing  in  silicon  layer  wliich  is  about  100  A  thick.  The  collector  voltage  has  very 
weak  influence  on  the  Auger  ionization  because  the  electric  field  in  collector  is  too  small 
Although  the  presence  of  the  base  contact  makes  the  operation  a  little  bit  slower,  advantages  of 
such  a  device  are  surely  beyond  any  doubts. 

We  investigated  the  S-  and  N-  type  instabilities  in  the  collector  current  of  the  Auger 
transistors  in  a  circuit  with  a  common  emitter.  The  physical 


Fig.2,3  show  the  experimental  common  emitter  output  characteristics  of  the  Auger  transistor 
which  were  obtained  for  the  Al  -  SiOj  -  n-Si  structure,  ITie  tliickncss  of  the  tlicnnally  grown 
silicon  oxide  layer  (diy-  O2),  measured  by  means  of  ellipsomctry,  is  22  A.  Fig.2  shows  tlic 
instabilities  of  TV-type  and  Fig.3  shows  the  instabilities  of  A'-t>pc.  TIic  N  -type  instabilities  in 
the  Auger  transistor  arc  similar  to  the  instabilities  in  the  Read  diode  but  this  current 
instability  in  the  Auger  transistor  is  the  fastest  one. 


depends  not  only  on  x  alue  of  the  base  current ,  but  also  on  t/ic  (imc.  It  is  mainly  tlie  dissolving 
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time  of  the  electron-hole  clouds  which  ^are  created  by  high  energy  electrons  near  the  surface. 
There  are  two  ways  for  the  e-h  cloud  to  be  dissolved.  The  first  is  the  e-h  cloud  is  dissolved  by 
electric  field  of  c-jllector.  The  second  -  dissolving  of  a  e-h  cloud  by  hole  tunnel  current  to  the 
metal.  The  former  process  leads  to  the  iV^type  current  -voltage  collector  characteristics  (see  Fig.2) 
and  the  latter  one  leads  to  S-.ype  collector  characteristics  (see  Fig.3), 

In  the  previous  publications  [2,3]  we  discussed  a  model  of  a  MIS  Auger  transistor,  in 
which  the  role  of  the  impact  ionization  process  for  the  redistribution  of  the  transistor  currents  was 
taken  into  account.  The  tunnel  current  of  holes  from  silicon  to  the  metal  (a  leakage)  is  always 
smaller  than  the  electron  tunnel  current  flowing  from  the  metal  to  the  cpnduction  band  of  silicon, 
since  the  tunneling  of  holes  from  the  silicon  valence  band  to  the  metal  via  the  oxide  valence  band 
is  not  likely  to  occur,  because  of  the  large  effective  mass  of  the  holes  in  SiO.--:  nth  >  5.  At  the 
same  time,  the  tunneling  of  electrons  from  the  metal  to  the  silicon  valence  band  via  the  oxide 
conduction  band  occurs  over  a  much  higher  barrier  than  for  the  electrons  tunneling  to  the  silicon 
conduction  band  (Fig.  1). 

We  also  investigated  the  influence  of  surface  quantum  effects  in  a  very  strong  electric  field 
on  the  transistor  operation  [2-6]. 

The  basic  equation  of  the  Auger  transistor  is  [  3  ]: 

Jb  “*■  ^ Auger  '  ^ms  ~  ^mv  ~  ^  > 

where  Imc  is  the  electron  tunnel  current  from  the  metal  to  the  conduction  band  of  the 
semiconductor;  is  the  current  due  to  the  tunneling  of  holes  from  the  interface  surface  states 
in  the  silicon  forbidden  gap  to  the  metal ;  I„iv  is  the  current  of  holes  which  are  attracted  to  the 
SiO:;  ~  Si  interface  by  the  oxide  electric  field,  and  tunneling  to  the  metal  tlirough  the  oxide  and  Ig 
is  the  base  current. 

The  .V-type  instabilities  appear,  when  an  additional  hole  current  arising  in  the  collector  due  to  the 
impact  ionization  (the  Auger  hole  current  lAuger)  exceeds  the  hole  current  m  the  base  circuit  . 
Tv/o  values  of  t!ie  collector  current  correspond  to  one  value  of  the  base  current.  Every  valu ;  of 
the  base  ciiircpt  can  be  in  principle  realized  in  two  cases;  the  first  at  a  smaller  Auger  current  and  a 
small  base  voltage,  and  the  second  at  a  high  Auger  current  and  a  liigh  base  voltage.  In  the  first 
case  the  colfcctor  current  is  small,  and  in  the  second  case  this  current  is  rather  high. 
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The  calculated  I-V  characteristics  of  the  Auger  transistor  are  in  a  good  agreement  with  the 
experimental  data. 

The  A-type  I-V  characteristics  of  collector  current  may  be  explained  by  the  following  way. 
If  a  collector  bias  is  small,  electrons  and  holes  which  are  the  result  of  impact  ionization  (  Auger) , 
we  placed  near  the  surface,  llie  holes  are  placed  in  the  hole  selfconsistent  quantum  well  and 
Increase  the  depth  of  the  well.  It  nieans  the  enhancement  of  transistor  gain  due  to  increase  of 
impact  ionization  efficiency ,  which  leads  to  increase  of  collector  current.  If  we  rise  the  collector 
bias,  the  density  of  electrons  (and  consequently  of  holes)  near  the  silicon  surface  tends  to  be 
smaller.  The  impact  ionization  appears  to  be  also  smaller.  Consequently  electron  current  appears 
to  be  smaller  too.  As  a  result  the  collector  characteristics  became  V-type. 

In  the  Auger  transistor  there  are  two  important  time  constants.  First  is  related  to  charging 
of  capacity  which  is  formed  by  metal-insulator-surface  of  semiconductor  plates.  Under  the 
current  density  of  10^  A/cm*  this  time  constant  is  equal  to  10  ‘®  sec.  A  time  constaiit  describing 
drift  of  electrons  through  collector  is  about  10  ‘*  sec.  Former  time  constant  is  important  for  S- 
characteristics.  Latter  process  is  important  for  N-characteristics.  It  is  possible  to  envisage  such  on 
application  of  the  Auger  transistor  .We  generate  pulses  of  10'’®  sec.  long  having  frequency  more 
then  Hz.  This  is  not  a  bad  result  for  silicon  based  devices. 

The  work  are  supported  by  GKNT  RF  213/68/4-2,  FTNS  96-1011  and  RFFI  97-02-18358 
grants 
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Carrier  Transport  and  Meclianisni  of  Porous  Silicon  Electroluminescence 
in  Electrolytes 


O.  Sreseli,  D.  Goryachev,  G.  Poiisski*.  L.  Belyakov,  F.  Koch* 

Ioffe  Phvsical-Technical  Institute,  194021  St.  Petersburg.  Russia 
*  Technical  University  Munich,  D-85747  Garching.  Germany 

We  report  the  polarization  curves  and  electroluminescence  (EL)  of  porous  silicon 
(por-Si)  -  electrolyte  interface.  Based  on  these  results  and  our  previous  data  in  [1-3],  we 
suppose  a  new  model  of  carrier  transport  and  EL  in  the  system  of  quantum-sizdd 
microcrystallites  of  por-Si  in  contact  with  electrolyte.  The  model  explains  the  all  properties 
of  EL  and  helps  to  understand  the  difficulties  of  designing  solid-state  electroluminescent 

deviceSp^^  5.  g^^strates  were  in  contact  with  oxidizing  electrolyte, 

acid  solution  of  potassium  or  ammonium  persulfate.  The  pulse  EL  is  observed  under 
cathodic  current  pulses  with  duration  from  0.1  to  10  ms,  amplitude  from  10  to  500  xnhiem}, 
and  frequency  ~ll  Hz.  The  cathodic  polarization  curves  (  the  current  dependence  on 
potential  relative  the  SCE,  negative  to  the  semiconductor)  were  measured  with  voltage 
expansion  rate  80  mV/cm^  in  the  electrochemical  cell  with  optically  transparent  window. 

The  EL  spectra  consist  of  two  bands.  The  band  with  predominant  intensity  of  EL, 
V-EL  has  a  peak  at  visible  wavelengths  whereas  another  EL  feature,  I-EL,  is  in  near-IR 
ran-^e  of  optical  spectrum  [Ij.  The  transient  dependencies  of  both  bands  show  a  delay  time 
between  the  current  pulse  and  the  rise  of  EL  (Fig.  1).  This  time  delay  is  longer  for  the 
V-EL  band.  The  rise  and  fall  time  constants  of  EL  are  in  the  range  from  0.1  to  10  ms  and 

become  shorter  with  the  increase  of  current. 


Figure  1.  Current  pulse  (1)  and  EL  pulses  for  IR  (2) 
and  visible  (3)  bands, 
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We  have  measured  (Fig.  2)  the  polarization  curves  for  the  n-por-Si  contacting  with 
electrolytes  of  different  wettability  and  viscosity  due  to  addition  of  an  organic  solvent 
(acetone).  They  show  a  significant  reduction  of  the  resistance  of  the  por-Si  layer,  being 
soaked  in  the  electrolyte,  with  increasing  wettability  [2].  The  data  suggest  that  due  to  deep 
penetration  of  electrolyte  into  pores  a  large  amount  of  current  would  rather  flow  through 
the  substrate  and  large  crystallites  (bypass  current)  [3]  than  through  the  quantum-sized 
microcrystallites  because  of  their  high  resistance  and  nearly  full  isolation  from  the 
substrate.  The  EL  not  only  don’t  disappear  in  the  process,  but  it  appears  at  lower  potentials 
as  well  (arrov/s  in  the  Fig.2). 


60 


-q>.V 

Rgure  2.  Polarization  curves  of  the  n-type  por-Si 
,,  contacting  with  electrolytes  of  different 
wettability.  Wettabilityincreases  from  (1) 
to  (3). 

The  main  role  of  the  bypass  current  is  seen  to  create  new  species  injecting  carriers 
into  the  semiconductor  microcrystallites.  As  far  as  hole  injection  is  concerned,  the  iFijecting 
species,  short-living  persulfate  radicals,  are  known  to  be  an  injector.  The  electron  injector 
could  be  atomic  hydrogen.  We  found  that  the  onset  of  EL  (show  by  arrows)  always 
coincide  with  the  shoulder  on  polarization  curves  (Fig.2).  This  shoulder  means  the 
beginning  of  the  second  chemical  reaction,  the  reduction  of  hydrogen  ions  (more  precisely, 
HsO'’'  ions).  Relative  to  porous  silicon,  atomic  hydrogen  is  a  strong  reducing  agent  (  his 
standard  electrochemical  potential  is  -2.1  V  vs  NHE)  and  so  can  inject  electrons  into  the 
conduction  band  of  microcrystallites.  Therefore  the  bypass  cun’ent  generates 
simultaneously  both  short-living  persulfate  radicals  (the  hole  injectors  [4])  and  atomic 
hydrogen  (the  electron  injector).  Both  injectors  can  stick  on  the  microcrystallites  surface  by 
diffusion  and  thereby  inject  electrons  and  holes  into  a  microcrystallitc.  Their  radiative 
recombination  results  in  V-EL.  Holes  are  injected  in  ali  cry.stallites,  independent  on  their 
sizes  and  resistivity.  The  I-EL  occurs  as  a  result  of  hole  radiative  recombination  with 
conduction  electrons  within  the  substrate  and  large  crystallites.  The  delay  times  between 
current  and  EL  pulses  arc  due  to  the  diffusion  times  of  chcmicai  species  in  the  electro!}  le. 
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Inter  microcrvstallite  separation  and  the  injection  of  carriers  of  both  types  from  the 
electrolyte  results  in'independence  of  the  EL  on  the  substrate  conductivity  and  even  on  its 
tvpe.  This  fact  is  confirmed  by  our  observation  of  the  EL  from  the  interface  of  p-type  por- 
Si  /persulfate  electrolyte  in  the  same  cathodic  regime.  We  have  measured  polarization 
curves  in  the  dark  and  with  IR  illumination  (Fig.3).  The  current  absence  in  the  dark  (curve 
n  is  understandable,  because  the  semiconductor/electrolyte  junction  is  reverse-biased  m 
cathodic  regime  for  p-Si.In  case  of  IR  illumination,  absorbed  only  in  the  Si  substrate,  the 
photocurrent  is  nothing  but  bypass  current.  At  curves  2  and  3  we  see  the  same  shoulder 
representing  the  reduction  of  hydrogen  ions  and  onset  of  the  V-EL  (arrows)  m  the  same 
region  as  it  is  in  Fig.2.  Saturation  current  of  curves  2  and  3  is  the  photocurrent  amplitude, 
defined  by  illumination  intensity. 


Fig.3  Cathodic  polarization  cunes  of  p-t^  por-Si  in  tiia 
dark  (1)  and  with  IR  illumination  (2.3).  IR  intensity 
grows  from  (2)  to  (3).  . 

To  summarise  we  propose  ionic  transport  of  both  type  carriers  and  their  bipolar 
injection  into  quantum-sized  microcrystallites  as  a  explanation  of  visible 

electroluminescence  of  porous  silicon  in  oxidizing  electrolytes.  ^  j  nvrrAt? 

The  work  is  made  at  partial  support  of  RFBR  (grant  N  96-02-17903)  and  INTAS 
(grant  N  93-3325-ext). 
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optical  Study  of  Silicon  Nanostructure  Evolution 
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A  porous  silicon  layer  (por-Si)  formed  on  the  c-Si  substrate  due  to 
electrochemical  process  is  an  example  of  the  easy  prepared  silicon  nanostructure. 
However,  the  mechanisms  of  the  por-Si  growth  are  still  discussed  and  some 
models  are  still  being  proposed  [1.21.  The  in-situ  investigation  of  the  formation  of 
jjor-Si  at  the  initial  state  can  help  to  get  a  deeper  understanding  of  the  processes 
:6f  the  nanostructure  growth.  Optical  methods  are  contactless  and  highly  sensitive." 
therefore,  they  are  the  most  suitable  for  in-situ  control  of  nanostructure  evolution 
^grbwth  and  modification), 

,  In  our  study  both  a  visible  photoluminescence  (PL)  from  growing  silicon 
nanostructure  and  IR  band-to-band  PL  from  c-Si  substrate  were  simultaneously 
Investigated  in  situ  during  electrochemical  process  of  porous  silicon  (por-Si) 
formation.  Besides,  the  formed  ultrathin  (20-100  nm)  por-Si  layers  (UPSL)  on  c-Si 
substrate  were  studied  by  an  optical  method  of  free-carrier  absorption  of  a  IR  laser 
(3.39  pm)  radiation.  Nanosecond  puLes  of  N2  -  laser  (X=337  nm)  is  used  to 
fexcite  carriers  in  c-Si  and  UPSL.  The  PL  of  c-Si  and  por-Si  are  measured  at  the 
^vavelengths  of  1100  nm  and  600  nm  respectively.  The  last  wavelength  is  typical 
fof  the  PL  of  por-Si  in  the  red /orange  region.  UPSL  was  prepared  on  a  p-type  c- 
Si(lOO)  wafer  (p=5  D-cm)  by  anodization  in  0.2  M  NH4F  (pH  3.2).  This 
electrolyte  is  well  for  the  controlled  formation  of  por-Si  nanostructure  [3].  The 
thickness  of  UPSL  and  its  structure  were  controlled  by  field  emission  scanning 
electron  n.icroscopy  (SEM). 

Fig.l  shows  the  time  dependence  of  the  PL  Intensities  of  UPSL  (open 
circles)  and  c-Si  (solid  circles)  during  the  electrochemical  formation  of  silicon 
nanostructure.  An  increase  of  the  visible  PL  and  a  quenching  of  the  c-Si 
luminescence  are  observed  as  a  depth  of  the  por-Si  layer  evolves  from  some 
nanometers  to  about  100  nm  (region  A  cm  fig.l).  A  hydrogenation  of  silicon 
surface  is  found  to  restore  the  PL  intensity  of  c-Si  (region  B).  An  anticorrelation 
of  the  PL  intensities  of  UPSL  and  c-Si  is  observed  after  UPSL  rinsing  by  water 
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(region  C).  The.  results  demonstrate  a  strong  redistribution  of  nonequilibrium 
carriers  between  silicon  nanostructures  and  bulk  material.  The  possible 
mechanism  of  such  effect  is  the  lirnitaticn  of  the  out-diffusion  of  excess  carriers 
from,  the  por-Si  layer  into  the  c-Si  bulk.  The  UV  excitation  light  is  absorbed  at  the 
top  of  por-Si.  Therefore,  the  PL  of  c-Si  is  induced  by  carriers  diffused  from  silicon 
nanostructure.  Modification  of  the  surface  coverage  of  nanostructure  changes 
value  of  the  ca.rrier  transport  barrier.  For  instance,  the  PL  diminution  of  por-Sl 
and  increase  of  the  c-Si  take  place  after  hydrogenation  of  UPSL  (region  B  in 
fig.J).  , 


time  (s) 

Fig.l.  Dependencies  of  potential,  current  and  PL  of  the  c-Si  bulk  (A- 1100 
nm)  and  por-Si  nanostructure  (A=600  -m)  during  electrochemical 
growth  of  UPSL  and  its  treatment. 

It  is  found  that  the  PL  intensity  of  c-Si  is  reciprocal  to  the  PL  efficiency  of 
Silicon  nanostructure  after  the  change  of  ambients  (water,  ethanol,  air).  According 
to  the  free-carrier  measurements  the  density  of  surface  nonradiative  defects 
(probably,  silicon  dangling  bonds)  don’t  change  practically  after  the  por-Si  growth 
or  filling  by  molecules  of  water  or  ethanol.  Therefore,  the  different  behavior  of  the 
PL  o:  silicon  nanostructure  and  the  PL  of  c-Si  can  evidence  about  a  specific  effect 
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of  polar  ambients  on  the  radiative  recombination  in  nanostructure.  Fig.2  shows, 
for  example,  the  PL  spectra  of  initial  c-Si  and  UPSL  in  nitrogen  atmosphere  or  in 
liquid  water. 


initial  c-Si(1 00) 


■»  J  >  1  ..M  I  I  .  ■  t  t  I  I  I.I  ,■,..,,1  .  .1 

500  600  700  800  900  1000  1100 

wavelength  (nm) 


Fig.2.  PL  spectra  of  initial  c-Si  and  UPSL  in  different  ambients 

The  observed  strong  antico-rrelation  between  the  PL  of  the  thin  por-Si  layer  and 
the  c-Si  bulk  can  be  explained  as  dielectric  quenching  of  excitons  in  silicon 
nanostructure  [4]  and  difiusion  of  additional  free  carriers  into  the  c-Si  region. 
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One-dimensiona!  Au-Si  chains  hkve  been  observed  on  the  vi"inal  surfaces  Si(lll)  with 
different  inclinations  otf  the  (ill)  plate  [1,  2].  On  another  band,  Marks  and  Plass  [3]  hav^ 
investigated  the  atomic  structure  of  the  Si(ll  l)-(5x2)-Au  surface  phase.  They  have  show^ 
this  phase  has  a  rather  complicated  configuration.  It  consists  of  doubled  linear  Au  cham^ 
pressed  in  the  second  silicon  layer  counting  from  the  surface.  One  of  the  linear  chains  joins 
a  zigzag  silicon  chain  which  surface  bonds  are  saturated  by  Si  adatoms.  Another  linear  Au 
chain  lies  near  a  silicon  chain  with  nonsatiirated  surface  bonds. 

To  calculate  the  electronic  structure  of  the  quasi  one-dimensional  Au-Si  systems  we  used 
the  LDA  method  in  the  pseudopotential  cluster  version.  The  saturation  of  broken  sdico^ 
bonds  was  executed  using  atoms  of  quasi  hydrogen.  To  simulate  the  real  atomic  structure  pf 
the  quasi  one-dimensional  Au  domains  on  the  Si(lll)  surface  We  used  the  data  taken  fvciP 
the  paper  [3].  The  main  result  is  following:  The  electronic  structure  of  this  system  has  a 
metalUc  character.  However,  the  main  part  of  DOS  at  the  Fermi  level  is  made  by  Si  atom? 

not  by  Au  ones.  .  .  .  .  ■ 

We  have  no  inf<  mation  about  the  atomic  structure  of  quasi  oiie-dimensional  domains 
formed  by  Au  atoms  on  vicinal  Si  surfaces  [2].  Therefore  we  have  executed  model  calcu!^ 
tions.  Two  cases  were  studied:  A)  silicon  surface  bonds  arc  aot  saturated;  B)  all  sdicpi^ 
l,..nds  are  saturated.  A  bandgap  of  0.7  eV  ha.s  been  obtained  for  the  A  case.  The  reason  i^ 
that  Au  s  electrons  are  busy  mainly  on  the  saturation  of  nonsaturated  silicon  bonds:  semb 
conduction  properties  of  the  silicon  chain  are  increased,  but  the  metallic  binding  belweeq 

Au  atv^ms  even  decreased.  _  ■ 

In  the  B  case  the  metallic  character  of  the  electronic  structure  has,  been  obtained.  Silicxin 
1.0, ids  are  saturated  ab  initio  here,  therefore  the  silicon  role  is  to  wide  the  ” golden"  wav^ 
funrtii.  ns  (due  to  additional  s.ereening)  and  to  impro<'e  their  overlaping. 
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The  potential  ot‘ aluminum  single  electron  devices 
—  A  floating -gate  memory  and  its  higher  temperature  operation 

J.S.  Tsai,  Y.  Nakamura  and  C.D.  Chen 
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We  present  here  the  recent  results  on  the  aluminum  single  electron  device  investigate  of 
our  group.  Metallic  single  electron  device  usually  provides  a  very  periodic  gate 
modulation  that  semiconductor  single  electron  device  most  likely  can  not  achieve.  It  also 
shows  a  transport  characteristics  that  can  be  basically  simulate  and  understand  by  a 
simple  orthodox  theory[lj.  So  compare  to  the  semiconductor  single  electron  devices,  it 
is  a  more  predictable  technology.  Moreover,  aluminum  tunnel  junction  is  an  established 
technology  that  provides  a  well  controlled  tunneling  parameters  with  a  large  current 
density  that  required  for  a  large  transconductance.  Thus  the  adoption  of  the  aluminum 
tunnel  junction  as  the  building  block  of  single  electron  device  is  a  quite  natural  material 
choice.  Combined  with  electron-beam-lithography  delineation  of  the  junction 
dimensions,  alujninum  single  electron  device  technology  so  far  has  demonstrated  several 
sophisticated  functional  operation[2]  which  no  other  technology  can  carry  out. 


Fig  1.  Aluminum  SET  witli  a  20nm  island 

However,  the  operating  temperature  of  the  aluminum  single  electron  device  have  been 
typically  limited  lo  a  deep  dilution  refrigerator  temperature.  Compared  to 
semiconductor- ba.sed  single  electron  device  ("with  a  same  fabriealion  rule)  that  routinely 
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dcrnonstiate  higher  temperature  operation,  this  is  hot  a  satisfying  characteristictS].  We 
have  demonstrated  that  with  a  good  electron  Learn  lithography  and  an  inproved  angled 
evaporation,  a  77K  aluminum  single  eleotron  device  can  be  achieved.  SET  transistors 
were  made  with  island  size  of  20nm,  and  they  rea’^zed  an  over-IOOK  operation[4]. 
Figure  1  shows  the  SEM  picture  of  such  electrometer  and  its  gate  modulation 
characteristics  are  shown  in  Fig  2. 


Fig  2.  Gate  modulation  of  20nm  transistor  at  various  temperature 
and  I- V  curves  taken  at  various  gate  voltages  (inset). 

To  further  demonstrate  the  applicability  of  such  nitrogen-tenTperature  aluminum  single 
electron  transistor,  we  created  a  single  electron  non-volatile  memory  cell  incorporating  a 
stora^  floating  node,  a  gate  electrode,  a  counter  gate  electrode,  and  a  SET 
electrometer,  all  fabricated  in  aluminum[51.  Figure  3  shows  the  SEM  picture  of  such 
memory  cell. 
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Fig.  3.  A  aluminum  floating-gate  memory 

Electrons  are  injected  from  the  gate  to  the  floating  node  via  Fowler-Nordheim  emission. 
Because  of  the  nonlinearity  associated  with  the  emission,  a  hysteretic  chai'acterisiic 
appears  in  the  relationship  between  the  gate  voltage  and  the  electron  number  in  the  node. 
Thus  a  memory  function  is  obtained.  By  employing  a  multi-electron  operational  mode,  a 
background  charge  insensitive  ntcmory  operation  could  be  achieved  [6].  The  change  in 
the  electron  number  of  the  floating  node  is  readout  by  the  SET  electrometer. 


Fig.  4.  Gate  operation  of  aluminum  floating  ;ate  memory 

Figure  4  shows  the  electrometer  output  in  the  function  of  the  gate  voltage,  and  it  show^ 
a  hysteretic  memory  function.  The  coupling  between  the  node  and  electrometer  is  about 


5  to  1 ,  so  each  bit  in  Fig  4  is  represented  by  about  40  to  50  electrons.  The  electrometer 
sensitivity  limits  the  operation  temperature  of  his  memory,  and  in  the  present  design,  it  Ls 
around  15K. 
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Fluctuations  in  single-electi  on  tunneling 
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Single-election  charging  leads  to  the  correlated  tunneling  of  electrons  in  the  systems  of  smalt 
tunnel  junctions  [1].  A  simple  and  usually  sufficient  description  of  these  effects  is  given  by  the 
“orthodox’"  theory  [1]  which  treats  electrons  as  classical  particles  jumping  through  tunnel  barriers 
one-by-one.  The  rate  of  tunneling  is  determined  by  the  corresponding  energy  gain,  but  the  exact 
moments  of  tunneling  events  are  random,  fhis  randomness  leads  to  the  intrinsic  shot  noise  of  the 
single-electron  devices. 

The  simplest  and  probably  the  most  important  single-electron  device  is  the  Single-Electron 
Transistor  (SET-transistor)  [2|  which  consists  of  two  tunnel  junctions  in  series.  Tlie  intrinsic  noise 
limits  the  ultimate  sensitivity  of  the  SET-transistor  making  the  theoretical  study  of  the  noise  an 
important  issue.  One  can  find  the  first  discussions  of  this  problem  in  Refs.  [2]  and  [Sj.  The 
quantitative  theory  of  the  shot  noise  was  developed  in  1991  [4,5]  and  was  immediately  applied  for 
the  calculation  of  the  ultimate  sensitivity  of  the  SET-transistor.  In  the  low-temperature  limit  tlie 
minimal  detectable  variation  of  the  input  charge  Qo  is  given  by  expression 

min5Qo^.2.7C'£(ft:^A/)'/^  (i) 

where  T  is  temperature,  R  is  the  tunnel  junction  resistance,  and  A/  is  the  bandwidth. 

To  obtain  Eq.  (1)  it  is  sufficient  to  use  the  Schottky  fomnula,  5;  =  2el,  for  the  approximation 
of  the  lovz-frequency  spectral  density  Sj  of  the  current  I  through  SET-transistor.  This  is  because 
the  highest  sensitivity  is  achieved  in  the  vicinity  of  the  Coulomb  blockade  threshold,  lire  current 
here  is  carried  by  pairs  of  almost  simultaneous  tunneling  events  through  two  junctions  of  the 
transistor,  leading  to  the  simple  Poisson  process.  However,  the  Schottky  formula  cannot  be  applied 
in  the  general  case  [4,  5],  and  the  dependence  of  the  ratio  Sjjlel  on  the  bias  voltage  (or  gate 
voltage)  is  nontrivial.  In  particular,  for  vanishing  dc  bias  voltage  the  pure  thermal  (Nyciuist) 
noise  is  recovered.  Crudely  speaking,  the  visible  features  (cusps)  in  the  dc  I-V  curve,  which 
correspond  to  the  change  of  the  dynamics  of  tunneling  events,  necessarily  have  their  countei  parts 
inthe  5//2t;/vs.  V  dependence.  This  was  recently  confirmed  experimentally  [6]  using  STM-hased 
SET-u  ansistor.  The  deviation  from  the  Schottky  formula  and  several  other  particular  issues  of  t!ie 
SET-transistor  noise  were  studied  in  a  number  of  theoretical  papers  (see,  e.g..  Refs.  [7- !  1  ]),  Notice 
that  in  the  special  case  w'hen  tunneling  events  in  two  junctions  of  SET-transistor  occur  in  strict 
alternate  sequence,  the  calculation  of  the  current  noise  is  formally  equivalent  to  that  in  tiie  lesoiiant 
tunneling  diode  [12]. 

It  may  seem  surprising  that  sj  far  there  is  only  one  experiment  (6]  in  which  the  white  {ther- 
mal/shot)  noise  of  the  SET-transistor  has  been  mea.'  red.  The  reason  is  that  most  experiments  with 
SET-tran.sj.stors  are  done  at  quite  low  frequencies  (1-1000  Hz)  where  the  comribution  of  1/t  noise 
due  to  fluctuating  impurities  dominates  (the  detailed  study  of  the  origin  of  flu.,  noise  is  still  n;'  be 
done,  however,  there  is  already  some  experimental  progrc.ss  in  iliis  direction  r-see.  e.g..  Ret',  |  M  |i 


The  SEI-transistors  operating  at  higher  frequencies  (which  aie  necessary  for  a  number  of  applica¬ 
tions)  has  attracted  the  attention  of  experimentalists  only  recently,  and  we  can  expect  that  for  these 
devices  the  intrinsic  noise  will  be  the  major  lin.itinn;  factor  for  the  charge  sensitivity. 

The  shot  noise  is  white  for  the  frequency  range  of  possible  applications.  The  frequency 
dependence  begins  crudely  from  /  ~  7 /e  [4,5];  however,  the  spectral  density  does  not  have  a  peak 
at  /  =  7 /e  as  in  the  case  of  an  array  of  junctions  [1].  The  experimental  observation  of  the  frequency 
dependence  is  a  difficult  problem,  but  it  seems  to  be  achievable  fo.  the  present-day  experimental 
techniques. 

The  mathematical  formalism  developed  in  Refs.  [4,  5]  is  suitable  for  the  calculation  of  the 
spectral  densities  of  currents  or  voltages  in  an  arbitrary  single-electron  circuit  (not  containing 
Ohmic  resistors).  In  particular,  it  was  used  [14,  15]  for  the  calculation  of  the  single-electron 
oscillations  [1]  in  the  anays  of  junctions.  However,  the  method  requires  the  inversion  of  the  matrix 
which  dimension  can  be  very  large  for  complex  circuits.  In  this  case  for  the  calculation  of  spectral 
densities  one  needs  to  use  Monte-Carlo  method  which  is  much  slower  than  “direct”  calculations. 
Fortunately,  there  are  several  tricks  significantly  accelerating  such  simulations. 

The  “standard”  method  for  the  shot  noise  calculation  which  was  used  in  Refs.  [4,  5,  7-11, 
14.  15]  is  based  on  the  Fokker-Plank  approach.  The  important  features  of  the  method  are  the 
operator-iike  properties  of  the  tunneling  rates  in  the  expression  for  the  correlation  function  and  the 
existence  of  the  separate  terms  which  account  for  the  high-frequency  limit,  /  >  7/e.  Recently 
the  complementary  “quasi-Langevin”  approach  [16]  (which  is  similar  to  Uie  method  developed 
in  Ref,  [17])  has  been  proposed.  Two  approaches  lead  to  coinciding  results  for  the  "classicar’ 
shot  noise  which  corresponds  to  the  framew'ork  of  “orthodox”  theory.  The  advantage  of  the 
quasi-Langevin  method  is  a  natural  generalization  for  the  single-electron  shot  noise  at  “quantum” 
frequency  range  /  -  EjU  (,E  is  a  typical  energy)  while  these  two  frequency  scales  should  be 
treated  differently  in  the  standard  approach  [14].  How'ever,  both  approaches  do  not  work  in  the 
intermediate  frequency  range  if  the  frequency  scales  7 /e  and  Ejh  are  relatively  close  to  each  other. 
Ihe  correct  theory  in  this  case  as  well  as  other  studies  of  noi.se  beyond  the  “orthodox”  model  (there 
are  only  few  of  them  so  far— see  Refs.  [4,  14,  16, 18])  still  present  a  virtually  open  topic. 
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In  this  work  we  report  on  unusual  electrical  properties  of  amorphous  Si02  films 
containing  nanometer-size  Cu  particles.  The  films  were  fabricated  by  means  of  magnetron 
co-sputteiing  technique  in  Ar  atmosphere  Results  of  transmission  electron  microscopy, 
x-ray  diffraction  analysis  and  x-ray  photoelectron  sper.troscopy  show  the  presence  of 
metallic  particle.s  with  t}q?ical  sizes  of  several  nanometers  embedded  in  Si02  matrix  [1,2]. 
Ad  experimental  data  were  taken  on  unannealed  films  with  Cu  concentration  24  vol.%.  In 
order  to  perform  electrical  measurements  the  film  was  deposited  on  Au  layer  used  as  a 
dowi  contar.t.  The  top  contact  was  designed  as  Cr  circles  20  pm  in  diameter  (see  inset  in 
Fig.  I). 

Room  temperature  I-V  cmwes  of  fabricated  samples  are  shown  in  Fig. I.  As  it  can 
be  seen  from  the  figure,  the  sample  conductivity  rapidiy  increases  at  voltages  above  the 
fhre.-..o!d  level  U,  4V,  which  corresponds  to  electric.:  field  in  film  E,^2xl{f  V/cm.  The 
other  salient  feature  of  I-V  curves  in  Fig.l  is  the  hysteresis  dependence  of  current  with 
respect  to  the  applied  voltage.  With  in'ial  voltage  increase  from  zero  to  some  value  above 
the  threshold  U„  the  current  follows  branch  1  (with  low  differential  conductivity  in  under- 
(hresho’d  region).  With  subsequent  voltage  reduction  the  current  follows  the  branch  2 
with  higher  conductivity  and  I-V  characteristic  of  the  sample  would  remain  on  this  cuiwe 
for  long  time  if  applying  positive  voltages  lov/er  than  threshold  value  U,,  However,  the 
system  can  be  returned  to  the  state  with  low  differeiitial  conductivity  by  applying  negative 
voltage  JJ,  |C/!>I/,.  In  this  case  the  I-V  curve  behaves  in  a  similar  way;  first,  current 
follows  the  branch  3  and  when  decreasing  ab'  ohite  value  of  applied  voltage  -  branch  4. 
Aficr  thax.  if  ffositivc  voltage  is  applied  again,  the  I-V  curve  v/ould  follow  branch  1. 
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Voltage,  V 

Fig.  5  Hysteresis  in  I-V  curves  of  composite  film.  An'ows  indica  te  the  original  loop  when 
voltage  changes  as  0->5V-4  -5V  ->0  and  so  on.  Inset:  schematic  sketch  of  the 
sample. 

Thus,  the  investigated  sample  appears  to  be  a  non-voIatile  memory  cell,  in  which 
logical  states  0  and  I  correspond  to  low  and  high  values  of  conductivity  measured  at  some 
trial  voltage  Ur<U,.  The  writing  and  erasing  of  information  can  be  implemented  by  means 
of  application  of  positive  and  negative  voltage  pulses  with  amplitude  |0*„.[>f7f.  In  our 
experiments  the  sample  was  switched  between  states  with  high  and  low  differentiai 
conductivity  by  10  ps  pulses  v/ith  amplitude  d20V  and  the  state  was  tested  by  iO  |is  pulses 
v/ith  amplitude  -3.5V.  The  retention  time  in  so  doing  comprised  several  hours. 

The  observed  electrical  properties  can  be  attributed  to  the  process  of  single- electron 
recharging  of  metal  gi'anules  [3].  Such  a  charged  states  having  veiy^  long  lifetimes  can 
substantially  affect  the  current  flow  through  the  film  {-^].  The  experiments  performed  on 
the  structures  with  different  film  thickness,  contact  layout,  and  type  of  contact  metal 
suggest  that  hysteresis  behavior  of  I-V  curves  is  associated  with  thin  (less  than  lOOnm)  film 
layer  adjacent  to  the  bottom  contact  where  the  microstructure  differs  from  that  of  bulk 
composite  material. 
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Noise  in  metallic  SET  transistor  with  an  island  isolated  of  the 

substrate 

V.  A.  Krupenin,  D.  E.  Presnov,  M.  N.  Savvaieev 
Laboratory  of  Cryoelectronics,  Moscow  State  University,  1)9899  Moscow,  Russia 
H.  Scherer,  A.  B.  Zorin 

Pbysikalisch-Technische  Bundesanstalt,  0-38116  Braunschweig,  Germany 

In  the  last  decade,  the  technology  of  the  metallic  Single  Electron  Tunneling  (SET) 
circuits  fabrication  has  made  great  progress.  Numerous  and  fine  experiments  with  various 
SET  structures,  forming  a  new  type  of  quantum  electronic  devices,  were  earned  out.  They 
are:  detailed  investigation  of  the  SET  electrometer,  perfonnance  of  SET  pump  with  the 
accuracy  10'*  [1],  demonstration  of  the  mem 057  effect  in  SET  trap  with  storage  time  of 
several  hours  for  one  electron  [2]  and  many  others.  These  structures  have  been  successfully 
demonstrated  a  possibility  of  single  electrons  controllable  tran.sport  using.  However,  the 
experiments  have  also  shown  that  the  perfonnance  of  SET  devices  depends  .strongly  on  the 
background  charge  fluctuations.  At  low  frequencies,  they  .substantially  dominate  over  intiinsic 
fluctuations  in  SET  devices.  That  is  why  the  understanding  of  the  background  chaige  noise 
nature  and  the  search  for  ways  of  its  reducing  are  very  important  for  practical  realization  of 
the  SET  devices.  In  last  years  first  attempts  to  define  the  noise  sources  localization  in  metallic 
SET  structures  have  been  dQne[3,4].  These  expeiiments  have  shown  that  significant  part  of 
charge  noise  sources  could  be  distributed  in  thin  dielectric  layers  adjacent  lb  the  central  island 
of  the  transistor  and  in  a  volume  of  the  substrate. 

To  continue  the  investigations,  which  could  give  an  answer  about  a  localization  of  the 
background  charge  fluctuations  sources,  we  have  fabricated  and  measured  the  SET  uansistor 
structure  where  the  island  has  quite  small  (in  area)  or  no  contacts  wiih  the  substrate.  The  iilca 
is  to  isolate  (screen)  the  island  and  exclude  the  input  of  noise  sources  in  the  substiatc  into 
total  noise  of  the  transistor.  The  geometry  of  experimental  structure  is  depicted  on  Figure  1. 
The  central  island  was  placed  on  one  of  transistor  electrodes  to  be  .screened  by  it  from  the 
substrate. 

The  experimental  structures  were  fabricated  on  the  Si-sub.sliate  buffered  by  sputtered 
200  nm  thick  AlO,  film.  First,  the  whfer  was  coaled  by  trilayers  PM.MA-MA.^ 
Copolymer/Ge/PMMA  with  the  conespbnding  layer  thickne.ss  of  350/20/80  nrn.  Next,  e- 
beam  exposure  was  performed  with  the  ra.ster  electron  micro.scope.  After  the  folit'wing  wet 
develop  process  of  (he  top  PMMA  the  reactive-ion  etching  was  done.  In  the  course  uf  the 
etching  the  pattern  in  PMMA  is  being  transferred  to  the  underlaying  Ge  layer.  Then  Ge  n)u.sk 
was  in  turn  used  for  anisotropic  patterning  of  the  copolymer  layer,  in-situ  fullovved  by 
formation  of  an  undercut  which  was  nece.s.saiy  to  allow  enough  room  on  the  substrate  surf  ace 
to  accommodate  A1  layers  shifted  in  respect  to  each  other.  After  the  mask  was  formed  it  was 
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used  for  deposition  of  A1  forming  the  strictly  defined  shadows  on  the  substrate.  The 
deposition  was  perfonned  on  the  tilted  table.  There  were  ti’ee  .successive  deposition  cycles  in- 
situ  with  different  angles  of  the  table  tilt.  Between  the  depositions  we  oxidize  previous  layer 
of  Al.  Finally  the  sample' was  put  in  acetone  bafii  for  lift-off  of  all  the  film  resting  to  the  mask 
top. 

We  are  presenting  preliminary  results  of  noise  measurements  in  new  topology  SET 
transistor.  One  can  see  the  results  of  noise  measurements  in  Figure  2.  The  dependence  noise 
level  on  bias  cun'ent  is  very  strong  and  is  differ  from  the  dependence,  for  a  transistor  of 
traditional  topology.  It  could  be  accounted  for  very  small  size  of  central  island 
(80nmxl00nmxl5nm)  and  as  a  result  strong  hot  electrons  effect  in  this  structure.  However, 
the  value  of  charge  fluctuation  level  for  small  bias  current  (5  pA)  is  equal  MO  "*e/(Hz)''^  at  10 
Hz  and  one  can  suggest  that  in  the  absence  of  strong  hot  electrons  effect  It  could  be  even 
smaller.  In  order  to  switch  off  hot  electrons  effect  we  have  use  much  smaller  than  5  pA  bias 
current  or  to  increase  a  volume  of  the  central  island. 

Further  experiments  are  in  progress. 

The  work  is  supported  in  part  by  the  Russian  Scientific  Programm  "Physics  of  Solid 
State  Nanosti-ucture.s",  Russian  Fund  for  Fundamental  Research  and  German  BMBF. 
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Observation  of  Charge  Effects  on  Semiconductor  Surface  by  Low- 
Temperature  Scanning  Tunneling  Spectroscopy 
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During  the  last  few  years  there  was  plenty  of  low-temperature  scanning  tunneling 
microscopy  (STM)  and  scanning  tunneling  spectroscopy  (SIS)  data  for  oscillations  of  tunneling 
conductivity,  connected  with  surface  defects  of  mesoscopic  and  nanometer  size.  Often  such 
experimental  effects  are  ascribed  to  Coulomb  blockade  and  Coulomb  staircase  or  to  resonant 
tunneling  through  localized  states  associated  with  the  defect  or  with  dimensional  quantization 
levels  ‘  ^  .  However  there  is  no  universal  answer  which  concrete  mechanism  leads  to  the 

appearance  of  tunneling  conductivity  oscillations. 

In  the  present  work  '  we  report  on  the  results  of  low  temperature  STM/STS 
investigations  of  atomic  size  clusters  on  an  InAs  surface.  We  investigated  both  details  of  the 
surface  structure  and  charge  effects  on  the  surface.  The  most  important  results  obtained  in  our 
experiments  are:  i)  enormously  large  semiconductor  band  gap  value  (about  1 .8  eV)  has  been 
observed  above  the  flat  surface  region;  ii)  Fermi  level  is'  shifted  from  conduction  band  inside  the 
band  gap  in  spite  of  higli  doping  ratio;  lii)  strong  decreasing  of  measured  band  gap  value  occurs 

above  the  atomic  cluster,  but  Fermi  level 


nCi  1  SIM  imogc  of  clu.sicr  on  (he  InAs  [1 10]  surface. 
Scan  si/c;  14  A  x  44  A.  Seipoint  ciirifertt  100  pA.  Sample 
xC'lingo:  -500  m'v'.  Grey  scale  ranee;  0  to  ,5  A. 


Still  remains  in  the  band  gap;  iiii) 
o.scillations  of  tunneling  conductivity 
near  the  band  gap  edges  has  been 
observed  above  the  flat  surface  and  also 
above  the  cluster,  but  the  period  of  these 
oscillations  differs. 

We  connect  the  observed 
behaviour  of  tunneling  conductivity 
above  the  flat  surface  and  above  the 
cluster  with  charge  effects  caused  by  tip 
and  defect  induced  band  bending,  using 
unique  theoretical  approach  In  the  fram'' 
of  such  approach  the  existence  c  f 
■  localized  states,  finite  relaxation  time  of 
unequilibrium  electrons  and  Coulomb 
correlations  have  to  be  taken  into 
account. 

All  the  STM/STS  investigations 
have  been  carried  out  by  means  of  a  lo\ 
temperature  STM  with  an  in  situ 
cleavage  mechanism  to  obtain  a  clean 
sample  surface  at  low  temperature* .  The 
samples  used  in  the  experiments  are 
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highly  doped  (n  ~ 
5*10  ”  cm  ■■’)  n-type 
InAs  semiconductor 
monpcrystals  which 
are  cleaved  along 
[110]  plane  in 
vacuum  after  He 
temperature  was 
achieved. 

STS  measure¬ 
ments  of  the  local 
density  of  states  have 
been  earned  out 
above  the  flat  InAs 
surface  regions  A 
typical  I(V)  curve  is 
shown  on  the  insert 
of  Fig.  2.  The 
presence  of  the  wide 
gap  -  1.8  eV  is 
clearly  seen  on  the 
I(V)  curves.  The 
measured  surface 

band  gap  value  strongly  differs  from  its  bulk  value  0.43  eV  at  4.2K. 

i  Another  remarkable  result  is  the  observation  of  the  tunneling  conductivity  oscillations  on 
the  dI/dy(V)  curves  near  the  band  gap  edges  ^ig.  2).  The  period  of  these  oscillations  is  about 
0,14  eV  We  ascribe  these  oscillations  to  the  influence  of  the  localized  states  appearing  due  to  tip 
'  induced  band  bending,  ^  ^  ^  ^  ^  ^  ^ 

In  our  experiments  we  observed  atomic  size  clusters  on  the  atdntically  flat  InAs  surface  in 
;  the  topo^aphic  STM  mode.  On  Fig.  l  a  cluster,  consisting  of  3  atoms  (2  atoms  are  identical  and 
the  third  one  is  different)  is  depicted.  The  lateral  size  of  the  cluster  image  is  about  1 0  A  and  it  s 
'  height  is  less  than  5  A.  STS  measurements  have  been  made  right  above  the  cluster  (Fig,3).  The 
.  main  feature  of  the  dI/dV(  V)  curves  is  the  decrease  of  the  gap  value  to  approximately  0.4  eV 
(bulk  value),  while  for  flat  surface  regions  the  observed  gap  has  been  about  1 .8  eV  (Fig.2). 
However,  Ei  remains  inside  the  gap  as  for  flat  surface  regions.  At  the  gap  edges  oscillations  of  the 
tunneling  Conductivity  versus  applied  bias  can  be  seen  from  Fig,  3  .  The  typical  period  of  these 
.  oscillations  is  about  0  09  eV.  We  suppose  ^at  the  oscillations  (different  from  those,  observed 
;  above  the  flat  surface)  appear  due  to  the  localized  states,  caused  by  the  changing  of  the  band 
bending  in  the  vicinity  of  the  atomic  cluster  .  ^  ^  ^  ^  ^  ^ 

Our  interpretation  of  the  conductivity  osciltoions  is. not  ascribed  to  Couiomb  blockade  or 
to  Coulomb  staircase  effects  If  such  oscillations  are  caused  by  a  Coulomb  blockade  due  to  cluster 
charging,  the  period  of  these  bscillations  can  be  simply  estimated;  If  a  is  the  cluster  size,  then  the 
oscillation  period  is  ^  oc  cVa.  For  a~5-lb  A  weobtainA/i~"  1-0.5  eV  which  does  not  coincide 
with  the  experimental  data. 
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FIG,  3.  (a)  The  diflcrcntial  conductance  dI/dV(V)  measured 
above  the  atomic  size  cluster  shown  on  Fig.  3. 

(b)  Best  fit  polinom  is  ^hown  to  clahly  the  band  gap 
width  estimation 


We  explain  our  experiments  in 
the  following  way.  First  of  all  we 
connect  the  observed  enormously  large 
value  of  InAs  band  gap  on  the  fiat 
surface  regions  (-1.8  eV)  with  tip- 
induced  band-bending,  which  depends  on 
the  polarity  of  the  applied  bias  (Fig.4). 
Such  band  bending  may  be  caused  by 
localized  charged  states  of  the  tip.  For 
positive  tip  biar  such  states  have  positive 
charge,  and  for  negative  lip  bias  such 
states  are  occupied  by  electrons  and  have 
negative  charge.  The  band-bending  value 
JV  can  be  estimated  as  fV  oc  c^/Z>,  where  d' 
is  the  tip-  sample  separation.  For  b~  5- 
10  A,  one  obtains  W-  1-0.5  eV.  The 
experimentally  observed  band  gap  is  A’g  oc 
2W  +  Eg,  where  Eg  ~  0.43  eV,  the  bulk 
value  of  the  band  gap.  So,  if  such  band 
bending  occurs  the  observed  gap  value 
■  of  1.8  eV  coincides  with  our  theoretical 


width  estimation  In  the  presence  of  the  atomic 

cluster,  the  band  bending  ch.anges  in  the 
vicinity  of  the  cluster  (Fig.4).  This  can  occur  due  to  the  charged  localized  states  associated  with 
the  cluster.  For  positive  tip  bias  such  states  are  filled  and  have  negative  charge  while  fOi  negative 
bias  they  Jtave  positive  charge.  These  states  partially  compen.sate  tip-induced  band-bending  and 
the  observed  band  gap  above  the  cluster  decreases  approximately  to  its  bulk  value.  However  Ef 
still  remains  in  the  band  gap.  This  fact  can  be  explained  by  asymmetric  band-bending.  The  bending 
of  the  conduction  band  differs  from  the  valence  band  bending,  because  the  bending  depends  on 
the  applied  bias.  The  oscillation  in  the  tunneling  conductivity  near  the  gap  edge  in  the  vicinity  of 
the  cluster  can  also  be  associated  with  localized  states,  formed  in  the  quantum  well,  which  is  now 
changed  by  the  presence  of  the  atomic 

cluster.  That  is  why  the  period  of  such  sutrfacc  ' 

o.sci!lations  near  the  cluster  (0,09  eV)  is  —  gc  ^ 

.smaller  than  the  o-scillation  period  above  .  ,  \q  ^ 

^  Above  cluster 

the  ilat  surface  region  (0. 14  eV).  \  /  ^ 

Oscillation  periods  in  tunneling  Fc  i 

conductivity  above  the  flat  surface  and  — —  I  : 

above  the  defect  differ  because  the  .  1.  .*  ___ 

quantum  wells  formed  by  bano  bending  /  EV  ^ 

are  not  ihc  same.  So  do  dimensional  ~  ^  ^ 

quantization  levels  (DQL),  DOr>^  T 

In  general,  tunneling  conductivity  — —  1 

o.scillafions  can  be  connected  novonly  _  ^  .Schematic  energy  diagram  of  STM  tunneling 

with  surface  localized  states  but  also  with  junction  with  charge  induced  band  bending 


Above  cluster 


"21  HV 
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tip  iocalized  states.  The  interaction  of  such  states  with  the  sample  surface  can  considerably  change 
the  initial  electronic  structure  of  the  sample  under  investigation.  In  particular,  additional  localized 
states  can  appear  in  the  band  gap  ’  .  In  tliis  case  the  common  model  of  tumieling  processes 
drastically  changes  ®  and  the  tunneling  current  can  be  determined  by  these  additional  states  for 
bias  voltages  less  than  the  gap  value,  if  the  finite  relaxation  time  of  unequilibrium  electrons  is 
taken  into  account.  In  this  cas^  the  value  of  the  tunneling  current  wall  be  determined  by  the 
relaxation  rate  of  unequilibrium  electrons,  which  is  connected  writh  tunneling  processes,  electi  on 
scattering,  interaction  with  the  substrate  and  thermal  relaxation. 

In  conclusion,  we  have  observed  details  of  the  surface  structure  and  charge  effects  above 
the  flat  [110]  inAs  surface  and  above  the  atomic  size  clustei'  by  means  of  STM/STS  at  low 
temperature.  To  explain  the  unusual  behavior  of  the  tunneling  conductmty  in  the  frame  of  unique 
theoretical  approach,  we  have  to  take  into  account  tip-induced  band  bending,  the  existence  of 
localized  states  and  the  finite  relaxation  time  of  the  unequilibrium  electrons. 

Depending  on  the  applied  bias  charge  effects  lead  to:  i)  enonnously  large  band  gap  above 
the  flat  [110]  InAs  surface  with  Femii  level  lying  inside  the  band  gap;  ii)  local  decreasing  of  gap 
value  in  the  presence  of  atomic  cluster  due  to  partially  compensation  of  tip-induced  band  bendiiig 
by  cluster  charge;  hi)  oscillations  of  tunneling  conductivity  near  the  gap  edges  connected  with 
localized  states  appearing  in  quantum  wells  due  to  band  bending. 
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EXPERIMENTAL  INVESTIGATION  OF  THE  INFLUENCE  OF  THE 
ELECTROMAGNETIC  ENVIRONMENT  ON  CHARGING 
EFFECTS  IN  ULTRA-SMALL  TUNNEL  JUNCTIONS 

Yu.  Pashkin*,  Sh.  Farliangfar,  J.  J.  Toppari,  and  J.  R  Pekola 
Department  of  Physics,  University  of  Jyvdskyla,  P.  O.  Box  35,  40351  Jyvdskyld,  Finland 

Charging  effects  in  a  single  tunnel  junction  are  affected  by  the  external 
elecrornagnetic  environment  which  it  is  attached  to  [1].  In  the  case  of  an  ideal 
current  source,  the  junction  should  exhibit  a  perfect  Coulomb  blockade  when  the 
tunnelling  current  is  completely  suppressed  below  a  threshold  voltage.  In  the  opposite 
limit  of  an  ideal  voltage  source  the  charging  effects  should  vanish.  In  the  real 
experiment  one  should  consider  carefully  the  bias  circuit  of  the  junction.  When  a 
small  tunnel  junction  connects  to  its  bias  circuitry'  with  a  very  high  inipedance,  we 
expect  to  observe  Coulomb  blockade  in  its  TV  characteristics.  A  theoretical  study 
ba.sed  on  the  microscopic  theory  [1]  yields,  in  the  limit  of  liigh  environment 
resistance  Rg  and  at  high  temperature  T,  a  similar,  universal  first  order  result  for  the 
conductance,  G/Gt,  (in  T'^)  as  for  an  array  [2],  independent  of  Rg,  being  the 
asymptotic  tunneling  conductance.  The  dependence  on  Rg  appears  only  in  higher 
order  corrections.  At  Iow<»r  T  the  IV  caracteristics  can  be  calculated  by  nmnerical 
means.  In  some  cases  the  behaviour  of  a  single  junction  can  also  be  explained  with 
the  so  called  ^‘horizon”  model,  which  is  a  simplified  picture  consistent  with  the 
microscopic  theory  [3]. 

Recently  we  have  performed  experiments  with  single  junctions  in  a 
lithographically  patterned  resistive  environment.  The  nanoscaie  chromium  based 
resistors,  fabricated  in  a  single  cycle  with  Al/AlOx/Al  tunnel  junctions,  were  placed 
near  the  junction,  with  a  separation  distance  ranging  from  1-2  pm  up  to  200  pm. 
Our  calculations  based  on  the  approach  developed  by  G.-L.  Ingold  and 
Yu.  V.  Nazarov  {!]  describe  the  /K characteristics  seen  in  the  experiments  rea.<^onal.!y 
well.  Wlien  the  separation  between  the  junction  and  resistors  does  not  exceed  10  pm 
the  purely  resistive  approximation  of  the  external  circuit  works  well  at  least  for 
Rg  >  1  kO.  However,  w'ith  larger  separation,  one  should  consider  the  junctio]!  as  to 
he  connected  to  an  RLC-transrnission  line  with  a  termination  re.sistor  at  the  end. 
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The  resistors  we  used  were  3  or  10  nm  long  and  had  a  sheet  resistance  of 
0.3  -r  6  kn/^im. 

An  example  of  a  measurement  in  a  purely  resistive  environment  is  shown  in 
Fig.  1.  The  single  junction  with  a  tunnel  resistance  Rt~  145  kQ  was  biased  tluough 
four  resistive  leads  having  a  resistance  of  about  60  kO  each.  At  T—  4.2  K  the 
conductance  curve  shows  a  dip  of  6.3  %  at  zero  bias  from  which  the  junction 
capacitance  can  be  estimated  (Fig.  la).  A  rough  estimation  of  the  capacitance  can  be 
made  using  the  high  temperature  {hgT  »  E'c,  where  kg  is  the  Boltzinami  constant 
and  is  the  charging  energy)  dependence  derived  in  [4,2].  This  w'ay  we  obtain  the 
value  for  the  capacitance  C  =  1 . 1 7  fF.  A  more  accurate  fit  of  the  conductance  curve 
using  the  microscopic  theory  gives  C-  1.13  fF,  The  fitting  curve  with  only  one 
fitting  parameter  C  is  shown  as  a  solid  line  in  Fig.  la.  Tlie  same  value  of  the  junction 
capacitance  was  used  to  calculate  the  conductance  curve  at  lower  temperatures  and  a 
good  agreement  with  the  experiment  has  been  found.  Both  experimental  and 
calculated  conductance  curves  at  T=  0.16  K  are  presented  in  Fig.  lb.  The  small 
difference  between  the  two  curves  can  be  attributed  to  the  external  noise  and 
overheating  of  resistors  at  finite  bias 

A  collection  of  conductance  curves  corresponding  to  different  separation  between 
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Fig.  1.  Differential  conductance  of  a  single  junction  in  a  resistive  environment 
(Re  =  60  kn)  at  two  temperatures:  r=  4.2  K  (a)  and  T-  0.16  K  (b''  for  the  shallov.^ 
and  deep  characteristics,  respectively.  The  calculated  curves,  with  C --  1.13  fF.  are 
.shown  by  the  solid  lines  at  the  same  temperatures.  Note  the  difference  of  both  the 
horizont.a!  and  vetical  scales  in  a)  and  b),  respectively. 
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the  single  junction  and  resistors  is  presented  in  Fig.  2.  The  curves  drawn  m  thin  and 
thick  lines  relate  to  junctions  with  closely  connected  resistors  and  with  !00  nm 
separation,  respectively.  The  qualitative  difference  of  the  latter  curve  from  the  others 
is  rather  apparent;  unlike  those  of  a  short  separation,  it  is  not  described  by  the  g-, 
function  dependence  [4]  but  it  rather  reaches  the  asymptotic  conductance  at  a  much 
higher  bias  voltage.  Nevertheless,  it  can  also  be  calculated  fairly  well  using  the 
approach  developed  in  [1].  When  the  separation  between  the  junction  and  resistors  is 
large,  the  external  circuit  is  assiimed  to  be  an  RLC-transmission  line  with  a 
terminating  resistor  at  ihe  end.  From  the  calculated  curve  (which  is  not  presented 
here)  we  obtaine  a  junction  capacitance  of  0.7  fF.  The  following  parameters  of  the 
transmission  line  were  used  in  the  calculation;  line  capacitance  3  fF,  line  inductance 
200  pH  and  the  terminating  resistor  4  kQ.  The  first  two  of  these  are  our  estimations 
based  on  several  earlier  experiments  and  the  resistance  could  be  measured  m  a  four 
wire  configuration.  The  line  resistance  had  very  little  effect  at  4.2  K  and  it  was  set  to 
zero  in  the  calculations.  The  capacitances  of  the  junctions  in  a  resistive  environment 
were  estimated  to  be  1.4  fF,  0.69  fF  and  0.47  fF  from  top  to  bottom,  respectively. 
Note  that  the  capacitance  of  the  junction  connected  to  the  transmission  line  is  very 
close  to  that  of  one  of  the  junctions  in  a  resistive  environment  (middle  thin  line), 
however  the  strength  of  the  dips  are  about  3  times  different  (j.7  %  and  9.4%, 
respectively).  Tliis  is  consistent  with  the  model  we  use  because  the  transmission  line 
contributes  to  the  junction  capacitance.  This  is  the  case  even  with  short  .separation 
which  resulted  in  tlie  saturation  of  the  depth  when  we  tried  to  decrease  the  junction 
capacitance.  In  our  experiments  we  could  never  go  beyond  15  %  depth  which  is 

probably  determined  just  by  the  stray 
capacitance  of  the  bias  leads  of  the 

Fig.  2.  Differential  conductance  curves 
of  single  junctions  connected  to  RLC- 
transmission  line  (thick)  and  to 
resistive  leads  (thin). 
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order  of  0.03  fF/Vm.  In  principle,  the  resonances  in  the  transmission  line  should  be 
seen  as  steps  in  dl/dV  curves  corresponding  to  excited  modes  in  the  line  (5).  The 
distance  between  the  steps  is  determined  by  the  line  parameters.  The  necessary 
condition  for  the  resonances  is  low  damping,  i.e.,  the  total  line  resistance  should  be 
lower  than  100  fi.  In  our  configuration  the  line  resistance  exceeded  this  and  we 
believe  this  is  the  major  reason  why  the  resonances  were  not  observed  so  far.  Further 
experiments  are  under  way. 
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A  variety  of  low-dimensional  structures  accommodatiug  a  small  number  of  free  electrons 
were  designed  using  both  metals  and  semiconductors  in  order  to  fabricate  single  electron 
tunnelling  (SET)  devices.  Periodic  arrays  of  tunnel  junctions  revealed  both  sequential  tunnelling 
and  co-tunnelling  phenomena,  but  these  airays  were  restricted  to  the  case  of  several  linear  chains 
in  parallel.  To  prepare  3D  lattice  of  nanoparticles  we  have  used  structural  confinement. 

The  3D  lattices  of  InSb  grains  were  designed  within  the  free  volume  of  an  opal.  An  opal  is 
the  close  packing  of  nearly  identical  silica  biills  in  the  studied  samples  ball  diameters  D  were 
227  and  304  nm.  In  fee  packing  of  balls  the  large  di^0.4lD  and  small  d}-0.23D  voids  are 
existed.  These  voids  alternatively  follow  each  other  with  bottle*-neck  constrictions  of  minimum 
dj^O.ISD  diameter  separating  them.  The  opais  were  completely  impregnated  vnth  InSb.  SEM 
shows  that  InSb  component  takes  the  form  the  lattice  consisting  of  8-fold  co-ordinated  di  grains 
alternatively  connected  by  bridges  with  4-fold  co-ordinated  ingrains  and  this  lattice  retains /cc 
stmeture  of  an  opal.  The  SiOa-InSb  interface  provides  ~5eV  potential  wall  for  electrons  and  thus 
resiiicts  the  electron  motion  within  the  InSb  counterpart  of  nanocomposite. 

DtdiaineteroftlAeopp5sphere)The  geometrical  modulation  of  InSb  cross-section  results  in  an 
~  alternating  confinement  potential.  I'his  potential  up-shifts  the 

ground  energy  level  byAE "  «30meV  for  D= 

227nm.  This  estimation  is  the  lower  limit,  since  the  sintering- 
induced  squeezing  of  the  voids  and  depletion  of  the  electron 
population  at  the  grain  surface  reduce  the  effective  size  of  the 
cross-section.  Thus  di  constrictions  induce  ~0.05D  wide  potential 
barriers  along  the  current  path.  These  barriers  localise  electrons  in 
Fig.  1  Schematics  of  QDL  in  tunnelling  as  the  only  possibility  for  them  to 

(100)  plane.  ,  complete  the  current  path  (Fig. I). 

The  electron  concentration  was  estimated  from  high  temperature  Hall  measurements  as 
Assuming  a  decrease  in  the  conc^rtration  at  r<IK  and  occupation  of  large 
grains  only,  the  number  of  free  electrons  in  each  grain  is  0*10.  Correspondingly,  the  Fermi 
energy  in  the  di  grain  is  E,  =  ft'(2/M')"'(3;r'  Qldlf"  ~  49meV  and  A/^7nm.  d^  grain  may  be 
thought  of  as  QD  since  di  <Xf.  The  level  spacing  A  in  the  energy  spectrum  of  50nm  QD  is 


»  2.8  meV ,  where  yOfTT/pl-density 


of  states  near  the  Fermi 


level.  In  a  3D  lattice  of  QDs  the  interaction  in  the  lattice  splits  the  each  level  into  a  miniband  and 
the  actual  level  spacing  becomes  A^<kT  in  the  range  0.05-i-lK.  Iherefore,  the  QD  energy 
spectrum  may  be  considered  as  a.  continuum. 
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A  segment  consisting  of  QD  in  between  two  di  QDs  resembles  the  double-barrier 
tunnel  junction,  A  charging  energy  Ec=e^/2C=e^/(d2eJi>^\AmQ\,  where  C  is  the  capacitance  of 
50nni  dot,  is  required  to  place  an  extra  electron  in  the  small  dot.  At  low-7’  regime  QDs  are 
coupled  capacitively  because  of  the  potential  barriers  separating  the  dots.  At  the  low  bias  voltage 
QD  lattice  (QDL)  is  similarto  a  lattice  of  chains  along  the  field  direction,  since  the  barriers  do  not 
allow  for  free  electron  diffiision.  We  stress  a  close  analogy  between  opal-InSb  and  a  multiple 
tunnel  junction  (MTJ)^'*’*'. 

The  samples  were  shaped  as  0.5mm  thick  plates  with  6  Au-Ni-Ge  contact  pads  deposited 
on  the  upper  face  and  arranged  as  the  Hall  bar.  The  separation  of  the  probes  was  around  50  pm. 

rVCs  of  the  QDL  look  tjqjical  for  fennel  junction  with  charging  effects  the  current  is 
very  low  below  the  threshold  voltage  V(i,r  but  then  increases  abruptly  (Fig.2a,  3).  The  standard 
Coulomb  blockade  implies  7=0  at  V<Vthr.  The  low-F  part  of  observed  IVC  deviates  from  this 
standard,  moreover,  with  increasing  T  this  deviation  increases.  Fig.2b  shows  the  extra  current  /«, 
which  was  extracted  fi-om  the  FVC  using  its  high-K  fit  as  tlie  background.  Ascribing  lex  to  some 
particular  resonance  in  the  QD  energy  structure  seems  invalid  because  of  the  F-induced  shift  of  /„ 
maximum.  At  V<V,hr  the  tunnelling  through  the  whole  system  via  a  virtual  intermediate  staco.  may 
arise  due  to  the  quantum  fluctuations  of  the  electric  charge  in  QDs.  This  so-called  co- 
tunnelling**’^  was  observed  if  the  junction  resistance  is  R^Q=h/4e^^.SkQ..  This  is  feasible  for 
opal-InSb  if  the  sample  resistance  is  10*+10^n,  potential  probes  are  spaced  by  50pm  and  several 


chains  may  operate  in  parallel. 
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Fig.3  Log-Log  plot  of  IVCs  of  50mn  QDL. 
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Voltage  (V)  Elastic  and  inelastic  types  of  co-tunnelling  are 

known  Elastic  process  results  in  I -V  and 
inelastic  -  /~F’,  the  latter  is  consistent  with  TVC 
Fig.3,  where  7' F”,  ot=1.5^-3.  From  Fig  2b  it  is 
seen,  that  at  F=1K  the  maximum  of  /«  occurs  at  14mV  whereas  for  50mK  -  at  75mV.  Note,  that 


Fig.2  (a)  -  IVCs  of  QDL  at  7M).05  and  IK;  <b)  -  excess 
turrent  extracted  from  these  IVCs. 


the  inelastic  contribution  is  f-dependent  and  it  is  most  probable  if  A‘  »Ec’,  which  is  the  case  for 
QDL.  Thus  1(V,  T)  let  us  to  classify  /„  as  the  manifestation  of  inelastic  co-tunnel!ing. 

It  seems  reasonably,  that  not  all  of  geometrically  available  current  paths  are  really 
conducting  at  low-f  due  to  QDL  imperfections.  However,  owing  to  lO’-IO’'  barriers  over  the 
QDL  cross-section  it  is  always  possible  to  find  a  collection  of  low-resistance  paths  Ovr 
understanding  of  the  transport  mechanism  is  based  on  the  model  of  the  '‘exciton”  meebantsm 
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Parallel  ID  chain  in  QDL  are  coupled  electrostatically.  Assuming  the  same  type  ot  contacts 
througl'.out  QDL,  the  inter-chain  capacitance  Co  will  be  up  to  times  larger,  than  C.  In  this  case 
the  electrostatis  energy  of  the  electron  and  its  image  formed  on  adjacent  chains  is  much  smaller, 
than  the  energy  of  unpaired  electron,  therefore  such  an  «exciton»  is  energetically  favourable  The 
“excitons”  can  move  along  the  coupled  chains  when  V«ythr  for  SET  in  the  Coulomb  blockade 
state.  This  is  actually  the  movement  of  charge  because  of  the  separation  of  the  electron  and  hole 
in  different  chains.  The  binding  energy  of  “exciton”  is  E^(e^/4C)(1-I/N)s e  /4Q  if  iy>>i  .  We 
cannot  resolve  the  true  gap  since  V,hr=e/Co  ->  0  for  the  large  capacitance  Co  with  regard  to 
surrounding  chains  in  the  QDL.  In  the  range  e/Co<F<e/^C-6^e  only  “exciton”  transport  is 
possible,  but  for  eV>£  the  “excitons”  will  be  destroyed  and  at  F>e/2C«10-i-14mV  tunnelling  of 
single  electrons  along  the  chain  increasingly  contributes. 


:  ig.4  R(10  curves  for  50  and  70nm  QDL  at  7^0.05;  IK. 


Fig^5  Oscillating  pattern  of  R(10^  insert  shows  the  fast 
Fourier  transform  of  this  curve. 


If  two  coupled  chains  of  QDs  are  biased  with  the  same  voltage,  their  “exciton”  currents 
are  strictly  equal  but  opposite.  The  necessary  condition  for  “exciton’  mechanism  to  actually 
transfer  charge  through  the  array  is  a  different  V  to  be  applied  to  the  capacitively  coupled  chains 
of  QD^  This  requirement  is  realised  in  the  QDL  at  low-/’,  when  the  inhomogeneous  current 
distribution  takes  place.  Particularly,  if  2  neighbour  chains  are  differently  connected  to  the  source 
and  drain,  there  is  a  voltage  difference  between  these  chains,  that  is  a  driving  force 

for  the  “excitons”  to  move.  For  the  case  of  a  two  efcetron  process  the  net  current  through  2 
chains  is  I-~e[y(U)-r(-U)],  where  funnelling  rate'*’.  The  total  current  through  the  lattice,  of 
chains  with  an  energy  gain  for  this  process  U^eV/N  in  the  case  of  ^K=Fis 


/  = 


\6hC^K 

- r-T-  X 

3nR"e 


flrATy  V' 
e  J  N 


The  I~f  term  rises  linearly  with  V,  it  is  in  effect  in  the  low-F  range  if  T  not  too  low.  /„  we 
as<;ociafe  with  ibis  term  since  (i)  the  front  of4v~  F*,  A-0.7^1  and  (ii)  the  maximum  of /„  shifts 
from  15  to  70mV  and  I  decreases  sharply  with  T  changing  from  1  to  0  05K  (Fig, 2b).  The  I~V 
(erm  dominates  at  higher  V\  since  its  appearance  is  delayed  by  I/'N^  comparing  with  the  linear  one. 
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It  correlates  with  the  steeper  part  of  the  IVC,  where  1~V”,  m==l. 5-5-3,  moreover,  the  upper  lim.  is 
approached  at  0.05K  when  eV>>kT.  At  IK  kT  is  close  to  epWA6.5xlO'’eV  near  the  Jex 
maximum,  assuming  A^=200.  Therefore,  the  denominator  in  (2)  cannot  be  neglected,  which  results 
in  decrease  of  the  IVC  slope.  At  7>IK  there  was  no  /«  found. 

The  excess  current  has  a  remarKable  effect  on  the  resistance  (Fig.4):  R(V)  reaches  a 
maximum  with  increasing  voltage  corresponding  to  the  transition  from  “exciton”  to  SET  transport 
and  gradually  decreases  aftenvards.  The  height  of  R(V)  peak  exceeds  1  order  of  magnitude,  which 
reflects  the  change  in  the  transport  mechanism.  In  Fig.4  R(V)  is  shown  for  samples  with  ^2=52  and 
70nm  to  demonstrate  that  the  overall  shape  of  R(V)  is  not  sample  specific.  The  difference  of 
resistance  for  these  samples  corresponds  the  different  barrier  heights.  With  increasing  T  the 
position  of  R(V)  maximum  moves  towards  lower  V  and  its  magnitude  decreases.  The  dramatic 
high-F  drop  of  the  resistance  is  inconsistent  with  the  linear  resistance  vegime  predicted  by  the 
orthodox  theory  of  SET  This  is  due  to  the  a  3D  nature  of  QDL  -  with  increasing  V  multiple 
co-ordination  of  large  grains  allows  to  increase  the  number  of  parallel  circuits. 

At  0.05K  lac  is  highly  modulated  (Fig.2b).  Correspondingly,  the  R(V)  curves  demonstrate 
a  sequence  of  steps.  The  magnitude  of  these  modulation  is  ~  10%  of  the  total  resistance.  After 
subtraction  the  smeoth  background  these  ?teps  are  converted  into  a  sequence  of  peaks  separated 
by  JFwHrnV  (Fig.Sa).  The  Fourier  tra5>,sform  (Fig.Sb)  confirms  a  quasi-oscillatory  behaviour. 
Note,  that  the  very  weak  but  similarly  spaced  features  could  also  be  seen  in  IK  curve  of  Fig.2b. 
The  multiply-stable  states  of  different  number  of  electrons  can  be  formed  in  a  QD  chain  since  the 
charging  energy  of  the  QD  creates  an  energy  barrier  which  blocks  the  entrance.  Increasing  eV>Ec 
results  in  entering  of  another  electron  into  the  chain  and  so  on.  AV  correlates  well  with  the 
estimation  of  £c(«f2^«I4meV  for  this  sample,  therefore  the  addition  spectrum  of  the  QD  was 
revealed  by  scanning  of  the  source-drain  voltage  This  is  a  reasonable  explanation  for  the  deep 
wells  and  high-F  that  was  used.  Besides,  for  QDL  the  surrounding  chains  of  QDs  may  perform 
the  role  of  gate  potential  with  respect  to  one  of  them,  thus  leading  to  equalising  the  potential  over 
the  array  in  a  selfrconsistent  manner. 

In  conclusion,  we  have  demonstrated  that  tlie  conductivity  of  a  3D  QDL  in  the  low-7' 
regime  is  dominated  by  a  Coulomb  blockade.  In  contrast  with  ID  chains  of  tunnel  junctions  the 
inelastic  co-tunnelling  plays  a  very  important  role  since  the  inter-chain  coupling  leads  to  a  large 
excess  current.  For  the  highly  resistive  arrays  a  staircase  appears  superimposed  on  this  excess 
current  indicating  the  single  electron  nature  of  the  charge  transfer. 
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Single  electron  tunneling  (SET)  is  one  of  the  most  promising  phenomena  observable  in  nanos¬ 
tructures.  Of  the  many  nano-fabrication  methods,  the  non-lithographic  approaches  seem  to  be  more 
attractive  as  well  as  technologically  and  economically  more  promising.  An  electrochemical  non- 
lithographic  nano-fabrication  technique  has  been  developed  at  the  University  of  Toronto.  Anays  of 
hi^ly  uniform,  highly  ordered,  densely  packed  nanowires  and  dots  have  been  fabricated  using  this 
technique  and  investigated.  The  technique  is  based  on  the  creation  of  a  template  of  hexagonally 
arranged  nanopores  as  by  anodization  of  A1  film  followed  by  electrochemical  deposition.  A  wide 
range  of  tunability  of  wire  parameters —  ~  200  nm  down  to  ~  6— 8  nm  in  diameter  and  up  to  a  few 
microns  in  length— along  with  a  broad  range  of  depositable  materials  enabled  by  this  technique 

opcijs  up  many  exciting  opportunities  for  nanophysic.s  and  nanoelectronics. 

These  nanowire  arrays,  when  sandwiched  in-between  metal/oxide  layers,  form  2D-arrays  of 
either  single-junction  or  double-junction  systems  which  exhibit  a  great  variety  of  promising  device 
behaviors  and  interesting  phenomena,  including  both  periodic  and  anomalous  conductance  oscilla¬ 
tions,  as  well  as  room  tempeiature  stair-case  I-V  behavior  resemblifig  the  SET  characteristics  [1,2]. 
.  .Ithough  complete  understanding  of  these  behaviors  is  difficult  at  the  present  stage,  progress  may 
be  made  by  identifying  and  investigating  the  key  effects  influencing  the  charge  transfer  in  this  new 
class  of  nano-devices. 

An  important  feature  which  is  common  to  all  the  nanowire  devices  fabricated  this  way  is  a 
.strong  electrostatic  coupling  between  nanowires,  as  the  wire  length  is  normally  much  grea:ter  than 
the  interwire  spacing  (a  few  wire  diameters  apart,  typically).  This  capacitive  coupling  between 
galvanically  isolated  wires  may  affect  different  aspects  of  the  nanowire  device  behavior.  Although 
undesirable  for  such  applications  as  charge  storage  ntamory,  it  can  be  exploited  in  other  cases 
where  inter-wire  coupling  is  of  core  importance.  Perhaps  the  most  interesting  consequence  of  such 
coupling  is  the  correlated  transfer  of  charge  through  nanowire  arrays,  when  either  electrical  current 
through  a  particular  wire  or  its  charge  depends  on  the  state  (charging)  of  the  neighboring  wires  [3]. 
Self-organized  2D  charge  structures  may  then  appear,  due  to  Coulomb  interactions  between  wire 
charges,  which,  among  other  consequences,  would  lead  to  steps  in  the  I-V  characteristics  such  as 
those  observed  experimentally. 

We  have  investigated  the  effect  of  interwire  coupling  in  one  particular  situation  pertinent 
to  nanostridctures— the  conditions  of  Coulomb-controlled  tunneling  (or  SET)  using  Monte-Carlo 
simulations  and  analytical  considerations.  By  analyzing  a  model  system  of  two  electrostatically 
couplcri  nanowires  connected  in  parallel  via  nano-scale  tunnel  junctions,  we  have  shown  that 
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inter-wire  coupling  indeed  leads  to  correlation  between  tunneling  events  on  the  neighboring  wires. 
This  results  in  strong  anticorrelation  of  wire  charges  yielding  their  spontaneous  polarization,  when 
accumulation  of  excessive  electrons  on  one  wire  is  partially  compensated  by  hole  accumulation 
on  the  neighboring  wire.  Due  to  the  wire  charge  anticorrelation,  the  polarization  exhibits  much 
higher  noise  than  the  total  wire  charge,  and  depends  periodically  on  the  applied  voltage  above 
the  Coulomb  blockade,  when  “lassical  tunneling”  is  allowed.  The  effect  influences  not  only  the 
individual  wire  currents,  but  also  the  total  electric  current  and  can  thus  be  observed  externttlly. 

A  particularly  interesting  case  is  co-tunneliag.  Below  the  Coulomb  blockade  voltage,  where 
individual  single-electron  tunneling  is  forbidden,  electrical  current  penetrates  through  the  Coulomb 
barrier  via  simultaneous  tunneling  of  two  electrons  through  the  source  and  drain  junctions  [4], 
Nanowire  coupling  opens  up  an  additional  current  path  via  correlated  charge  transfer  through  the 
Junctions  of  neighboring  wires.  Such  a  correlated  cross-tunneling  process  leads  to  spontaneous 
polarization  of  the  wires  by  creating  a  hole  on  one  wire  and  an  additional  electron  on  another.  It  thus 
differs  from  standard  co-tunneling,  which  leaves  the  state  of  the  system  unchanged;  it  is,  however, 
allowbd  in  the  Coulomb-blockade  regime  if  the  energy  of  the  created  polarization  excitation  is  below 
the  Coulomb  barrier,  as  in  the  case  of  sufficiently  strong  wire  coupling  Although  the  likelih.  )od 
of  spontaneous  polarization  created  by  these  cross-tuhneiing  processes  is  generally  lower  than  that 
by  normal  SET  tunneling  above  the  Coulomb  blockade,  it  can  considerably  affect  the  net  current 
through  the  system,  allowing  in  some  cases  classical  single-particle  tunneling  to  occur  at  voltages 
within  the  Coulomb-blockade  regime,  and  yielding  periodic  current  bursts  as  voltage  is  increased. 
The  effect  is  greatly  enhanced  in  the  case  of  asymmetrical  wires,  with  the  limiting  case  being  a 
double-junction  system  connected  in  parallel  and  coupled  to  a  single-junction  system  (“defect”), 
where  it  can  affect  the  charge  and  current  noise  characteristics  of  the  double-junction  system.  In  the 
talk,  we  will  present  the  results  of  the  Monte-Carlo  simulations  of  correlated  electronic  transport, 
and  cross-tunneling  in  particular,  through  coupled  nanowirer-  both  above  and  below  the  Coulomb 
blockade  voltage.  We  will  emphasize  the  effects  of  inter-wire  correlation  of  charge,  and  analyze 
possible  consequences  of  these  effects  on  the  device  behavior  of  the  electrochemically-produced 
nanowire  arrays. 
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A  considerable  interest  has  been  attracted  to  the  effects  of  correlated  single-electron 
tunneling  [  I]  during  the  last  decade.  The  most  of  experiments  with  lithographicaUy  fabricated 
suectures  have  been  done  at  temperatures  below  1  K.  To  increase  the  operation  temperature  it 
is  necessary  to  reduce  the  characteristic  size  d  of  the  structure  in  order  to  decrease  the  typical 
capacitance.  Operation  at  7=300  K  requires  C  <  10’’*  F  corresponding  to  d  <  3  nm,  quite  a 
difficult  task. 

The  technique  in  which  the  small  capacitance’s  are  easily  obtained  is  based  on 
scanning  tunneling  microscopy  (STM).  The  simplest  single-electron  circuit  consisting  of  two 
tunnel  junctions  in  series  can  be  implemented  u.sing  the  STM  tip,  small  conducting  pardcle, 
and  the  substrate.  The  single-electron  charging  survives  up  to  room  temperature  for 
yfficientiy  small  metal  particles,  [2,3]  and  it  can  be  even  stronger  when  the  tunneling  via 
single  molecules  or  cluster  molecule  is  studied  [4,5].  , 

Clusters  and  cluster  molecules  differ  from  other  oiganic  and  inorganic  molecules  in 
that  thr  contain  a  dense,  heavy  metallic  core,  as  a  rule  spherical  or  almost  spherical, 
surrounded  by  a  ligand  .shell  made  up  of  light  atoms  or  .simple  molecules  [6].  The  electronic 
stioicture  of  cluster  molecules  is  characterized  by  thddtigh  density  of  closely  .spaced  upper 
filled  and  lower  vacant  molecular  states  (all  weakly  bonding),  which,  on  the  one  hand,  result 
in  numerous  one-electron  reversible  redox  transitions  and,  on  the  other,  ensure  sufficient 
.stability  of  the  molecular  core  to  the  addition  or  removal  of  an  electron.  We  have 
demon.strated  single-electron  transistor  on  the  base  single  molecule  of  carboran  cluster  using 
STM  17]. 

We  assume  the  most  clear  observation  of  single-electron  effects  is  possible  in  cluster 
molecules  with  large  number  of  metallic  atoms.  In  pre.scnt  work  we  report  about  investigation 


494 


of  the  tunnel  system  based  on  the  cluster  molecule  (C  sHsFeS)^  at  room  temiieiuime  l  iiis 
molecule  is  knownfb]  as  a  “reservoir  of  the  electrons”  and  play  an  iniportani  role  in  the  native 
processes  of  the  electron  transfer.  The  topographical  measurement  show  that  it  is  possiiile  to 
create  from  such  clusters  (by  the  technique  of  Langmuir-Blodgett)  the  moieculai  sysiein  with 
both  as  regular  monolayer  lattice  (Fig.  1)  and  single  duster  molecuie  .in  ilte  s!il)>tiaie 
(Fig.  2a).  When  STM  tip  was  positioned  above  single  cluster  for  tiie  iti^vestigation  of  .SF^'T 
effects  [4,7]  double-junction  tunnel  system  “STM  lip  -  cluster  moiectiit  -  suhsnatc  ’  wu'. 
•formed  (Fig  2a,  2b).  CVC  of  such  system  show  dear  SET  effects  with  i’kstiiKt  (  (nil.nnli 
ibiockade  region  which  is  weakly  washed  out  even  at  such  high  temperatureas  T  -  rO(i  K  '! his 
property  as  well  as  very  high  value  of  Coulomb  blockade  region  (-  0.5  V). 


Fig.  2a  STM-iinage  of  single  dusters 
(C5HflFeS)4.  Arrow  pointed  on  place  in  which 
CVC-characteristic  was  measured. 


Fig.  1.  STM-image  of  lattice  of  (CTlsFeS)4 
clusters.  Scan  size  57  Angstrom. 

itunnet  ~  0,5  UA,  X^iurmel  ~  150  inV 


Fig.  2b.  Current- Voltage  characteristic  ;u  the 
STM-tip  location  above  single  duster 
molecules. 
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Our  experimenis  had  shown  that  these  cluster  molecules  are  very  prospective  material 
tor  implementation  of  the  SET  effects  based  devices  of  moleculai  electronics  at  high 
temperature. 
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Tunneling  from  2D  accumulation  layer  through  X-valley  states  in  AlAs  barrier  was  investigated 
in  single  barrier  GaAs/AlAs/GaAs  heterostructure  with  5  nm  and  3.5  nm  barrier  thickness. 

“Gamma-X-Gamma”  tunneling  current  arises  from  transfer  via  X-valley  AlAs  quantum  well 
states  derived  from  both  conduction  band  minima  perpendicular  (Xx  and  Xy)  and  parallel  (Xz) 
to  the  (100)  growth  direction  (z).  Both  processes  was  observed  on  I-V  tunneling  dependences. 
In  magnetic  field  resonant  tunneling  between  Landau  states  of  different  effective  mass  determines 
the  experimental  features.  Additional  tw'o  small  features  were  observed  on  1-V  dependences  at 
bias  voltages  lower  then  voltage  when  “Gamma-X”  tunneling  processes  start  to  play  essential  role 
in  electron  transfer  through  the  structure.  These  additional  features  are  related  to  the  resonant 
tunneling  through  zero-dimensional  donors  bound  to  X-valley  states  because  of  the  residual  Si 
barrier  doping.  It  is  shown  that  these  two  donor  states  are  bound  to  different  X-valley  quantum 
well  2D  ground  states  namely  Xxy  and  Xz.  In  magnetic  field  main  observed  features  can  be 
explained  by  resonant  tunneling  between  Landau  levels  of  2D  “Gamma”- symmetry  emitter  and 
zero-dimensional  donor  states  in  barrier.  Scattering  of  Si  atoms  position  in  the  barrier  in  growth 
direction  leads  to  the  scattering  of  the  donor  energy  levels  in  X-valley  quantum  well  and  were 
manifested  on  the  experimental  data  as  noise-like  fine  structure  of  the  resonance  features  related  to 
the  tunneling  through  donor  states. 
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The  weak  localization  of  2D  holes  in  quantum  well  on  the  (1010) 
crystallographic  surface  of  tellurium  crystal  have  been  investigated 
experimentally  [1]  and  theoretical  [2],  The  aim  of  this  report  is  to  compare 
the  new  experimental  data  and  the  theory, 

A  theory  of  weak  localization  is  developed  for  2D  carriers  with 
anisotropic  energy  spectrum  when  a  scattering  matrix  element  depends  on 
the  initial  and  final  particle  quasimomenta  [3],  The  final  expression  for 
conductivity  turned  out  to  have  a  standart  form  but  the  values  of  the 
diffusion  coefficients  and  relaxation  times  depend  on  the  surface 
orientation.  It  is  shown  that  the  trigonal  distortion  of  the  energy  spectrum 
of  tellurium  results  in  spin  relaxation  responsible  for  the  phase  losing  when 
the  2D  layer  is  parallel  both  to  the  two-fold  and  to  the  trigonal  axis.  The 
results  of  the  theory  are  presented  in  a  form  permitting  direct  comparison 
with  anomal  magnetoresistance  experii^fental  data  in  tellurium  [2]* 

The  experiniental  data  are  described  as  a  function  of  the 
characteristic  magnetic  Helds  Hjp,  Hv  and  Hy  ,  TL,  is  related  to  the  inelastic 
scattering  times,  H,.  and  Hy  -  to  the  contribution  of  the  elastic  scattering 
times  associated  with  intervaley  and  intravaley  transitions  correspondingly. 
3ne  last  of  them  includes  a  dispersion  parameter  y  describing  the  trigonal 
distortion  of  the  Fermi  trajectories  of  2D  holes  and  a  parameter  P  which 
determining  dumbbell  shaped  trajectori^^%  on  the  (1010)  surface.  The 
parameter  y  found  from  the  experimemuf  results  agrees  well  with  the 
pi evious  estimations  of  y. 

The  study  was  partly  supported  by  the  Russian  Basic  Research  Foundation 
(project  codes  96-02-16959a  and  96-02-17849)  and  the  Programm  “Physics 
of  Solid  State  Nanostructures”, 
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Photon-induced  full  electron  transparency 
of  double  and  triple  quantum-well  structures 

D.  G.  Baksheyev.  D.  Lenstra,^  0.  A.  Tkachenko  and  V.  A.  Tkachenko* 
Novosibirsk  State  University.  Novosibirsk,  630090,  Uussia 
^Vrije  Universi: eir,  De  Boelelaan  1081  HV,  Amsterdam.  The  Netherlands 
"Institute  of  Semiconductor  Pkysias,  Novosibirsk.  630090,  Russia 

It  was  recently  shown  theoretically  that  an  asymmetric  double  quantum-vvel!  (2QW) 
structure  having  poor  electron  transparency  can  become  absolutely  transparent  for  resonant 
electrons  under  irradiation  with  photon  energy  —  JS|  {PS^  and  E2  the  quasilevels  of 

the  different  wells)  [1-2].  The  electrons  impinging  the  structure  in  resonance  with  quasilevel 
of  the  nearest  well,  pass  through  the  next 'well  with  absorption  (or  emission)  of  a  photon.  We 
have  modeled  multichannel  coherent  electron  transmission  through  realistic  2QW  and  3QW 
GaAs/AlxGai_i.  As  structures  in  the  presence  of  infrared  radiation,  as  well  as  the  decay  of 
the  quaslenergetical  electron  states  with  respect  to  departure  to  the  contacts  (Figs.  1.  2). 
For  2QW  structure  in  the  zero  limit  of  high-frequency  (hf)  field  amplitude  £  the  decaying 
states,  i.e.  the  poles  of  scattering  5-matrix  on  the  complex  plane,  have  equal  real  parts 
of  (piasienergies  Ei  —  —  hoj,  while  coTTesponding  widllis  F^”^  are  so  that 

With  increasing  £  !lie  jjoles  first  move  to  each  other  wilh  only  imaginary  parts,  changing. 
Upon  a  threshold  amptil  ule  Ety,  the  vertical  motion  of  the  poles  is  transrormed  to  hori/.oni  al 
motion  witli  fi  ft;  F^!  ft;  (Fj”^  -i-  F2*^)/2.  Fi  ■om  this  amplitude  on,  the  quasilevels  undergo 
splitting  similar  to  Rabi  split  ling  with  the  difference  that  the  latter  has  no  thresfiold  in  hf 
field  amplitude  [flfl  a  Jy{t£d/huj),  d  the  distance  betv/een  the  wells.  Ref.  2].  In  the  energy 
dependence  of  transmission  coefficient  this  behaviour  is  traced  by  the  growth  of  intlasLic 
transmission  peak  that  reaches  maximum  height  at  some  optimal  amplitude  as  a 

flat-top  transparency  window  and  then  splits  into  the  pair  of  peaks  with  decreasing  height 

The  question  arises  if  such  photon-induced  increase  of  transparency  qf  a  semicondnclor 
tjfructnreH  can  occur  in  dnslic  chainiel,  without  energy  transfer  from  electromagnetic  field  to 
,  electrons.  We  have  found  by  numerical  calculation  that  almost  impenetrable  symmetric  I  riple 
quantunt-well  (3QW)  structure  (To  =  4%  without  hf  field)  can  provide  high  transparency 
'  (To  =  in  elastic  chamiel  al  hu  =  E2  —  Ey  an<l  £  ~  E^pt-  It  becomes  possible  due  to 

stimulated  virtual  Irarrsilions  from  (piasiievel  Ey  of  ihe  first  well  to  E2  in  the  second  well 
and  than  to  quasitevel  Ey  of  the  third  well  [Figs.  2(a),  2(b)].  The  trajectories  of  the  poles  of 
5-matrix  show  that  with  increasing  £  different-parity  states  2  &f!d  3  strongly  interact  and 
undergo  anticrossing  at  5  —  5ih  while  the  first  state  does  almost  not  move  [Fig.  2(c)].  In 
the  absence  of  hf  field  the  transmission  coefficient  peak  is  low  and  have  the  width  much  less 
than  the  widths  of  states  1  and  2  due  to  their  interference  [Fig.  2(a)].  When  the  hf  field 
moves  statCvS  1  and  2  away,  this  peak  turns  into  wide  window  of  good  elastic  transmission. 
With  further  increase  of  radiation  intensity  the  window  falls  apart  to  the  wide  central  peak 
corresponding  to  state  1  and  two  narrower  side  peaks  corresponding  to  stetes  2  and  3. 

To  contrast  2QW  and  3QW'  stales,  in  the  figures  we  only  presented  Ty  in  the  former  and 
T’o  in  the  latter  case.  With  account  of  all  channels  the  transmis.sion  ihrougti  these  s'l  ru'  ture'' 
becomes  full  a  I  Topt- 

To  give  an  aiialogy.  we  notice  ftial  2QW  and  3QW  slruclures  with  aligned  (ime^deveF 
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provide  (la I -(.op  fnll-lranpparency  windows  in  the  absence  of  hf  field  when  the  inner  barriers 
are  made  twice  thicker  than  the  outCR ones  (logansen  structures  [3]).  In  our  case,  however, 
the  structures  are  almost  opaque  in  the  absence  of  hf  field  because  levels  and  E2  are  not 
aligned,  and  high-transparency  windows  are  switched  on  by  external  irradiation  while  the 
effertive  thickne.ss  of  inner  barriers  is  managed  by  its  intensity. 


I'igiirc  1.  (a)  Coofficiont  of  oloctron  trans¬ 

mission  with  photon  absorption  T\  vs.  ener¬ 
gy  in  the  vicinity  of  qiiasilovel  at  hu  = 
/?2  -  E\  =  8-1  meV.  The  hf  field  ainpli- 
tnde.s  for  the  low,  high,  and  spilt  peaks  are 
1.4,  .5.6,  and  11.2  rnV/nm,  respectively.  Dot¬ 
ted  line  show.s  To[E)  in  the  absence  of  hf 
field.  (b)  Conduction  band  profile  of  the 
2QVV  GaA.s/Ai.asGa.esAs  structure;  10-13-14- 
7-12  monolayers  from  left  to  right,  (c)  Trajec¬ 
tories  of  the  poles  of  seattering  S-matrix  in  the 
complex  qiiasiencrgy  plane  with  amplitude  of 
the  hf  field  increasing  from  0  to  11.2  mV/nm. 
iVIaxiniutn  a[)|>roac}iing  of  the  (toles  corresjionds 
to  ~  2  tn  V'/nm. 


I'igure  2.  (a)  Klastie  transmission  coefficient 
To  vs.  energy  in  the  vicinity  of  quasilevet  Ei  at 
hu  —  Hi  —  A')  =  78  meV.  '1‘ho  hf  field  am¬ 
plitudes  for  the  peaks  with  increasing  width 
are  0,  2.5,  5,  and  7.5  mV/nm,  suc.ce.s.sive- 
!y.  (b)  Conduction  band  profile  of  the  .3QW 
GaAs/Al.ssGa.esAs  structure;  10-13-17-7-17- 
13-10  monolayers  from  left  to  right,  (c)  'IVa- 
jectories  of  the  poles  for  the  hf  field  ampli¬ 
tude  increasing  from  0  to  7.5  mV/nm.  Max¬ 
imum  approaching  of  the  poles  corresponds  to 
~  2  mV/nm. 
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AC  Josephson  effect  In  a  SIS  tunnel  junctions 
with  localized  states  in  the  barrier 

I.  A.  Devyatov,  M.  Yu.  Kupriyanov 
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In  the  last  few  years  a  lot  of  efforts  was  concentrated  on  the  problem  of  the  current  transfer  across 
one  dimensional  constrictions  between  normal  or  superconducting  bu’k  electrodes.  It  was  shown 
that  constriction  control  the  current  across  HTS  Josepiison  junctions  with  normal  semiconductor 
interlayers  [1]  as  well  as  the  transport  in  the  high-current  density  SIS  tunnel  structures,  Witli  the 
decrease  of  the  junction  area  the  contribution  of  constriction  transport  channel  tends  to  be  more  and 
more  valuable  making  the  behavior  of  the  Josephson  structures  more  and  more  mesoscopic.  The 
constriction  itself  can  be  both  the  real  shot  with  metallic  conductivity  and  the  conductive  channels 
via  localized  state  in  the  isolator.  In  this  paper  we  will  restrict  ourself  to  the  last  case. 

Previously  the  ac  Joseph.son  current  in  the  SIS  junctions  with  localized  states  into  the  barrier 
was  studied  in  the  case  when  a  large  amount  of  LS  formed  the  conductance  channel  [2],f31.  The 
aim  of  our  work  was  to  study  a  processes  in  a  short  constriction  between  two  superconductors 
which  contains  a  dielectric  layer  with  localized  states  (LS)  thus  making  the  generalization  of  the 
developed  in  [4]  model  for  the  case  of  const!  iction  with  energy  dependent  transparency.  1'he  length 
L  of  the  channel  is  assumed  to  be  much  smaller  than  the  coherence  length  (  as  well  as  elastic  and 
inelastic  scattering  lengths  in  the  superconductors.  For  the  sake  of  simplicity  we  will  also  assume 
that  the  boundaries  between  the  baaks  and  constriction  material  aie  transparent,  the  dielectric 
barrier  has  a  thicknessv/  <  L  and  locate  in  the  constriction.  This  allows  us  to  neglect  scattering  in 
tlie  vicinity  of  the  channel  and  permits  to  con.sider  the  elecaon  motion  in  the  constriction  v/ith  the 
time-dependent  Bogoiyubov-de  Gennes  (BdG)  equations  taking  into  account  the  normal  electron 
reflections  only  at  the  baiTier.  In  the  limit  L  <  ^  it  is  possible  ro  neglect  in  BdG  equations  all 
nongradient  terms  in  the  constriction  region  and  practically  reduce  the  problem  to  the  analysis  the 
processes  in  ScNINcS  structure,  whiidi  can  be  described  directly  in  terms  of  the  Andreev  rellection 
at  the  two  NS  interfaces  and  normal  and  reflections  at  N1  boundaries. 

Following  the  arguments,  discussed  in  [4|  we  will  assume  that  the  voltage  across  constriction 
is  constant  in  time  and  that  the  re.sistance  of  the  barrier  is  much  sraaller  compare  to  the  whole 
resistance  of  the  junction. 

Under  the  assumptions  outlined  above,  the  BdG  equations  for  transport  in  the  constriction  can 
be  solved  in  terms  of  the  two  scattering  processes  for  electrons  and  holes,  along  the  same  lines  as 
in  the  stationary  case  [4,5].  One  process  is  Andreev  reflection  at  the  NS  interfaces  characterized 
by  the  reflection  amplitude  a  as  a  function  of  the  quasiparticle  energy  c 

^  I  f  j ,  |>  A.  ^ 

A  [  f  -  -  A',  j  <  |<  A. 
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/Miother  process  is  electron  scattering  in  the  constriction  characterized  by  a  scattering  matrix: 


- 


r 

i 


where  (  /  -  U  and  |  ?■  R  are  the  transparency  and  reflection  coefficients  correspondingly. 

The  St  Mttt-ring  matrix  for  holes  is  the  time  reverse  of  8^,  Sh  =  ^'ti- 

Wt  have  to  take  into  account  that  the  energy  of  an  electron  is  increased  by  eV  each  time  it 
passes  through  the  channel  from  left  to  right,  while  the  hole  increases  its  energy  pas.sing  through 
tlie  cotistriction  in  tlie  opposite  direction.  Because  of  this  the  electron  and  hole  wave  function.s  are 
.sums  of  the  components  with  different  energies  shifted  by  2cV'.  For  instance,  the  wave  functions 
in  A'-iegions  generated  by  the  quasiparticle  incident  from  th^  left  superconductor  onto  the  channel 
can  be  written  as  [4]: 


,  -L  <  x<  -d, 


i>u  =  ,  -L  <  x<-d.  ;(3) 

71 

Vvt  =  ,  d  <  X  <  L, 

71 

4,,  =  E[C'ue''-"  +  ,  d<x<l.  (4) 

11 

Here  /,•  and  e  are  momentum  {equal  to  the  Fema  momentum  since  the  energy  gap  A 

is  suppose  to  be  much  smaller  than  the  Fermi  energy  fi)  and  energy  of  the  incident  quasiparticle, 
=  „(,  -p  -/(f)  =  (1  -  is  effective  electron  mass. 

The  wave  amplitudes  in  eq/3),  (4)  are  related  by  the  scattering  matrix  (2); 


Rn\  Q  nr'  nx/"  <>lnAn-V 


which  in  contrast  to  the  situation  analyzed  in  [4]  depends  on  the  energy  of  electrons  t ”,  -  E+2neV, 
holes  <;;  =  /s  -  2(£’  +  neV)  and  effective  LS  energy  =  Eo  -  AE  renormalized  due  to  finite 
voltage  drop  on  a  constriction. 

To  find  the  components  of  the  scattering  matrix  we  will  additionally  assume  that  the  dmlectr  c 
barrier  lias  a  rectangular  form  with  the  height  W  >>  /i,  ±  cV^  and  width  d  and  contains  negative 

delta  functional  deep  ~B8{i:  ~  zo)  describing  the  LS  located  at  the  point  iu  from  the  middle  of  the 

barrier  fb]-  . 

Matching  the  electron  wave  functions  and  their  derivatives  at  the  barrier  interfaces  and  negative 
delta  function  potential  we  arrived  at  the  following  expres.sions  for  parameters  ?/  and  d  in  t2) 


+  r„.2y7^(>v 

Dn  r.-  •  exp{--2/o, },  Fiz  -  nicxpi  En  --  En  +  ■•-~7 

f  I-  -(  I- )*  '■ 
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(^0 


7=-2^r,  +  r.) 


Here  To  is  a  half-width  of  the  energy  level  of  LS  located  in  the  middle  of  the  barrier,  A.  is  the 
transparency  of  the  barrier  with  B  =  0,  k  —  sj2m{W  —  (i),  r(,2  are  the  decay  rates  of  the  electron 
state  on  LS  to  the  right  and  left  correspondingly.  Eh  is  renormalized  energy  level  of  LS.  From  the 
theory  of  the  dc  supercurrent  resonant  tunneling  [6]  follows  that  except  the  coefficients  j/  and  j7  |‘ 
described  the  transport  of  normal  electrons,  for  the  current  calculation  it  is  necessary  to  have  also 
the  expressions  for  complex  parameters 


{El-E^)  +  ^^-2nE 


El  ~  E-  - 


n 


which  is  responsible  for  coherent  scattering  of  quasiparticles  in  the  direct  and  Andreev  reflection 
channels. 

Eliminating  the  wave  amplitudes  C,,,  eq.  (3)'(5)  we  obtain  the  recurrence  relation  for  the 
amplitudes  A,.,  B„: 


A„  --  r* {e][)a2nB„  -f  nz,,- 


~C'„£f„  +  An  A.-1  =  = 


i  -  — /  TTT  • 


fl2n+l  «2n+2f  (g”f  )f  "(  Aj),  ) 


«2»«2n-i  b*{eli  ’  )f *(£/:)f- ) 

1- 4+1 


) 

(«) 


-  «Ln 44-1 )f *'(£/: ) 

-  i  -  j  fg;jn2„  - 1 - ^ — 7t:7~z — s+rr  7, - 2 — — 'n-\  !,  i.-T:- 

In  the  Landauer  approach  for  current  calculation  it  is  necessary  to  know  the  wave  function 
A')  for  the  electrons  incident  on  the  banier  from  the  right  side  of  the  constriction.  The 
symmetry  relations  A'^(  A)  =  -eV),  Bl[E)  =  c  L)  have  been 

used  in  [4]  is  not  valued  here.  Thus  to  find  the  y/ave  function  we  have  to  solve  the  set  of  eejuations 
for  A'j  and  A',  similar  to  [4],  TTiese  recurrence  relations  can  be  solved  with  the  method  developed 
in  [7].  The  amplitudes  A„,  A„  and  A'^,  of  the  wave  functions  obtained  in  this  way  detei  mine 
all  Fourier  components  of  the  current  !{t)  in  the  channel: 

fc 

Collecting  contributions  from  the  qiiasiparticles  incident  on  the  channel  from  the  two  super¬ 
conductors,  making  use  of  the  fact  that  at  the  interfaces  between  constriction  and  bulk  electrodes 
the  quasiparticle  energy  distribution  function  is  the  Fermi  ones  and  take  into  account  the  form  of 
Andreev  reflection  amplitude  (1))  we  finally  arrive  at: 


/,  =  -[e  V'(S,n+  h 
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II 

h  —  /  (/f  /{ ^  +  “^  V')  (  -^  I  ( *' )  (  «2  1  -4 IV 1  +  « 1  -2/;  ^  1  -  /; )  +X^(  ^  - 1  ‘‘''2(  u+ A)  - 1  )  (  n+k  ^  K.  ^^i!+k)  )  > 

./  ?l 

In  the  absence  LS  in  the  barrier  the  scattering  matrixes  (2).  (4)  are  energy  independent  and 
expression  (10)  reduce  to  the  result  [4]. 

The  current-voltage  cliaracteristic  of  the  structure  coincides  with  the  first  term  (k  =  0)  in  (10) 

I,u-{V}  =  cV  +  2  I  d(  [fif)iMc)Rt{Auao}  - \Bnf)]  ~  (H) 

/(r  -h  eV0(./,(<-)Re{>4;a,}  -f  ^(1  +  P)(M:J'  - 

From  (10)  it  follows  that  in  all  current  components  via  single  LS,  except  well  known  sub-gap 
structure,  exist  additional  peaks  due  to  resonant  nature  of  the  ban  ier  transparency.  We  also  consider 
the  liinit  of  large  LS  concentration  in  the  barrier.  Suppose  that  space  and  energy  distributions  of 
LS  uniform,  for  tiie  averaged  current  we  demonstrate  that  in  the  high-voltage  region  (V  »  A, 
the  crossover  from  the  excess  current  (Fo  >>  A)  to  current  deficit  (Fo  A)  takes  place  with  the 
ilecrease  of  the  effective  LS  energy  width  Fo  compare  to  the  electrode  energy  gap  A.  In  particular 
we  have  shown  that  in  the  limit  f  o  <  A  current  deficit  is  relatively  large  A/^  0.7(2M/  (/?„)), 

while  the  excess  current  A/,,.  0.05(2( A/ (/V,,))  considerably  smaller  than  reported  in  [3].  These 

results  provide  new  opportunities  for  interpretation  the  data  in  Josephson  junctions  LTS  and  HTS 
electrodes  and  semiconductor  interlayers. 

This  work  was  supported  by  Russian  Scientific  Program  Phy.sics  of  Solid  State  Nanostractures 
and  Russian  Fond  for  Fundamental  Research,  INTAS-RFBR  95-1305. 
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AC  response  of  the  tunnel  Junctions  substantiated  by  the  junction  plasmons 
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There  are  several  factors  substantiating  the  high-frequency  response  of  the  tunnel  devices,  As 
a  rule,  as  a  m:ijor  factor  R,C  time  is  considered.  But  there  are  a  peculiar  low-frequency  plasma 
excitations  in  the  tunnel  structures  itself,  whose  influence  on  AC  response  was  not  studied  up  to 
date.  We  have  shown,  that  the  excitations  appear  in  the  skin  effect  regime  and  have  substantial 
effect  on  the  impedance,  if  the  linear  response  is  considered,  and  on  rectification  characteristics,  if 
non-linear  re.spon,se  is  studied. 

We  have  considered  the  dynamic  response  of  the  semiconductor- tunnel  barrier-semiconductor 
and  metal-tunnel  barrier-semiconductor  structures  in  the  skin  effect  regime.  The  tunnel  barrier 
could  be  one-barrier  or  two-  or  more  barrier  one.  T  he  only  re.striction  of  the  applicability  of  om 
model  is  that  the  total  thickness  of  the  barrier  is  to  be  small  in  comparison  with  the  skin-layer 
thickne.ss  in  the  semiconductor  on  the  frequency  of  interest.  That  is,  our  approach  is  applicable 
to  such  diodes  as  resonant  tunneling  diodes.  Shottky  diodes  etc.  But  the  less  the  diameter  of  tlie 
diode,  the  higher  the  frequency  where  the  effect  appears. 

We  have  shown  that  close  to  the  barrier  a  specific  plasma  excitaticn.s-^junction  plasmons 
(IPs) — exist.  IPs  are  characterized  by  the  low  speed  of  propagation  along  the  barrier  in  comparison 
with  that  of  the  light  in  the  material  of  the  barrier.  Or  in  other  v’ords,  it  is  a  low-frequency  excitation, 
that  is,  for  a  given  wavelength  it  oscillates  with  a  frequency  much  lower  than  that  of  the  light  witli 
the  same  wavelength.  We  have  shown  that  for  a  typical  parameters  of  the  si;miconductor  tunnel 
structures  the  high-frequency  response  is  determined  by  the  excitation  of  JPs  on  the  freciiiencies 
higher  than  100  GHz.  , 

The  analytical  expression  for  the  impedance  of  the  tunnel  junction  (Zj)  was  derived.  For 
simplicity,  we  are  considering  the  tunnel  .structure  of  width  IF  in  one  direction  (;r)  in  the  plane  of 
the  barrier  and  infinitely  large  in  the  another  one  {y).  The  equation  for  the  impedance  per  the  unity 
of  length  in  the  y  direction  is  the  following: 

_ (i- 

"  r(u.'  +  //>r)'tan(</f!.72r,  '  ^ 

where  C  is  the  ordinary  capacity  of  the  tunnel  junction  per  the  unity  of  length  in  the  y  direction. ... 
is  the  frequency  of  the  applied  signal,  i^r  -■  A-Chijii  is  the  reciprocal  RjC  time  ((7  -  1//7/  i.s  the 
conductivity  of  the  tunnel  junction  per  tlie  unity  of  length  in  the  //  direction,  •/  is  the  thickness  of 
the  tunnel  junction,  c;  is  the  dielectric  constant  of  the  barrier  material:  it  is  supposed  to  be  ihe  same 
both  of  the  bamier  material  and  of  the  lattice  of  the  semiconductor).  In  Eq.  ( I )  //  is  (he  complex 
wavcvector  of  the  JP  (with  the  fretiuency  J)  propagating  along  die  barrier  and  is  a  solutii'u  of  the 
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Fig.  1-4  The  dependencies  of  impedance  on  frequency.  The  thin  solid  lines  me  the  structure 
impedances  calculated  for  comparison  in  the  framework  of  the  model  that  does  not  take  into 
account  JPs  excitation.  Fig.  1-3  present  the  plots  of  impedance  of  the  semiconductor-barrier- 
semicondiictor  structures  with  the  following  parameters:  the  lattice  dielectric  constants  of  the 
semiconductor  and  barrier  are  supposed  to  be  the  .same  for  both  and  equal  to  13.5;  the  electron 
effective  mass  is  in’  -  0.07ui,  the  electron  concentration  in  the  semiconductor  is  lO'*  cm■■^  the 
thickness  of  the  barrier  is  50  nm,  the  diameters  of  the  structures  and  the  electron  mobilities  are 
show  n  in  the  figures.  The  frequency  range  in  the  Fig.  1-3  correspond  to  that  where  our  approach 
is  applicable  and  the  excitation  of  JPs  essentially  changes  the  impedance. 

Fig.  4  presents  the  impedance  of  the  metal-barrier-metal  structure  with  tne  following  parameters: 
the  barrier  thickness  is  100  nm,  the  lattice  dielectric  constants  of  the  metai  and  biurier  are  equal  to 
.1,  the  electron  concentration  in  the  metal  is  6x10"  cm"^,  the  electron  mobility  is  //  =  .50  enr/Vs, 
the  diameter  of  the  structure  is  10  cm.  The  structure  suits  to  low-frequency  experimental  sutdy  of 
JP  excitation. 
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dispersion  equation 


(w  +  f ;/)  (u.>  +  n/r)  ^  =  u)l~ 


'.0“^,  u!  uJ  {u  ■>  (■'-;■) 

r*'  +  i]f) 


,Re(K)>0, 


(2) 


where  u.’,,  is  the  bulk  plasma  frequency  in  the  bulk  of  semiconductor,  e,  =  £(  [l  -  (w  1-  /n)] 
is  the  dielectric  permittivity  of  the  semiconductor  allowing  for  plasma  contribution,  r* ! s/Ti  is  the 
effective  light  velocity  in  the  barrier,  v  is  the  reciprocal  relaxation  time  of  the  electron  momentum 
in  the  semiconductor.  Eq.  (2)  was  derived  in  the  low  frequency 


max  [\i'r\  ,u;, ;/]  <<  uj,, 


and  long  wavelength 

q  <<  1  / d 

limits. 

The  dependence  of  the  impedance  is  both  qualitatively  and  quantitatively  differs  from  that 
predicted  by  the  models  which  do  not  take  into  account  IP  excitation.  The  plots  of  impedance  for 
several  typical  structures  arr'  shown  in  Fig.  1-3.  We  propo.se  a  metal-batTier-metal  structure  that 
could  be  used  for  the  experimental  study  of  the  JPs  in  the  low-frequency  range.  The  corresponding 
plots  are  shown  in  Fig.  4.  Here,  .IPs  determine  the  impedance  of  the  structure  on  the  frequencies 
higher  than  50  MHz.  The  thin  solid  lint  in  Fig.  1-4  shows  the  impedance  of  tlie  ordinary  capacitor, 
that  is  previously  thought  to  be  the  impedance  of  the  structures,  if  the  excitation  of  .IPs  is  not 
allowed  for. 

We  have  considered  the  non-linear  rectilication  characteristics  of  the  .structures  of  the  men¬ 
tioned  above  types  and  nave  shown  that  their  non-linear  response  in  the  high-frequency  range  is 
substantiated  by  JPs  excitation.  And  we  predict  that  it  dramatically  differs  froin  that  calculated  in 
the  frameworks  of  the  models  that  do  not  take  into  account  .IP  excitation. 

So  in  the  typical  tunnel  semiconductor  structure  with  the  diameter  of  10  /(in  JPs  appear  on  the 
frequency  higher  than  700  GHz,  and  in  the  diodes  with  the  diameter  of  5  //,m  they  appear  on  the 
■frequency  higher  than  200  GHz. 

The  work  was  partially  supported  by  the  National  programs  “Physics  of  Solid  State  Natios- 
tructure.s”  (project  1-094/4),  “Surface  Atomic  Structures’’  (project  90-3. 14),  RFBR  (grant  96-0.2- 
18811),  INTAS-RFBR  (95-0849)  and  CRDF  (RC 1-220). 
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Election  transport  through  an  asymmetric  AlGaAs/GaAs  heterostnicture 
with  a  step-like  banier  is  studied.  Some  specific  features  of  the  tunnel 
current  are  found  to  be  related  to  the  resonant  tunnelling  both  through  a 
level  in  a  tiiangular  quantum  well  induced  by  an  external  electric  field 
over  the  barrier  and  virtual  levels  in  a  quantum  pseudo-well  which  is 
restricted  by  a  real  heterobarricr  on  one  side  and  a  potential  drop  in  the 
conductance-band  edge  at  other  side,  which  has  transparency  close  to 
unity.  Because  of  structure  asymmetry  ,  resonance  tunneling  is  observed 
in  quantum  pseudo-wells  of  various  widths,  depending  on  the  polarity  of 
voltage  bias.  Calculated  position  of  resonance’s  in  these  quantum  pseudo- 
wells  coincide  well  with  determined  ones,  thus,  providing  evidence  for 
the  possibility  to  observe  coherent  reflection  from  a  heavily  doped  region 
in  a  semiconductor  (  N'/N”^  junction). 

The  possibility  to  observe  effects  caused  by  electron  interference  in  heterostructures, 
owing  to  the  persistence  of  phase  coherence  at  distances  of  about  100  nm  in  GaAs  [  1  1. 
stimulated  numerous  works  on  the  spectroscopy  of  states  in  quantum  wells  of  various 

configurations.  ■  •  •  •  ^  u 

Interference  electron  effects  due  to  electron  reflection  from  disconttnuities  of  the 
conductance-band  edge  were  observed  during  transport  measurements.  The  discontinuities  of 
the  c<mductancc-band  edge  can  be  initiated,  for  example,  by  appropriate  combinations  of  A3B5 
semiconductors.  In  structures  consisting  of  two  barriers  and  relatively  wide  quantum  well  (  30 
-  100  nm  )  bounded  by  these  barriers,  a  number  of  various  effects  were  observed,  induced  by 
clcciron  interference.  Current  oscillations  due  to  electron  tunneling  through  quantum  .4atcs  in  a 
wide  quantum  well  w'cre  experimentally  observed  in  I  2,3  ].  Part  of  these  oscillations  were 
assumed  io  result  from  tunneling  through  virtual  states.  i.e.  states  above  the  barrier  height. 
Virtuii!  slates  can  be  induced  by  an  external  electric  field  applied  to  a  rectangular  tunnel  1  mer 
(  Rwlcr-Nordhcim  oscillations  [  7  ]  ),  which  can  give  rise  to  triangular  quantum  pseudo-well. 
Apparently  a  real  triangular  quantum  well  can  be  formed  in  region  of  a  tunnel  barrier,  by 
applying  an  external  electric  ncl4  to  a  step-like  barrier.  Current-voltage  characteristics  were 
calculated  Prr  these  barriers,  which  include  tunneling  through  levels  in  iin  elcclric  -field  - 
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induced  quantum  well  [  8,9  ].  However,  no  experimental  studies  on  electron  tunneling  through 
step-like  barriers  have  yet  been  reported. 

Work  [  4  J  is  a  continuation  of  earlier  studies.  It  deals  with  the  energy  spectrum  of 
electron  states  in  a  quantum  pseudo-well  restricted  by  a  real  heterobairicr  on  one  side  and 
smooth  potential  drop  at  the  conductance-band  edge  on  the  boundary  of  change  in  dopant 
concentration.  An  essential  difference  of  the  structure  used  in  that  work  from  those  mentioned 
above  is  the  absence  of  one  heterobarrier  confining  the  well.  Its  function  arc  taken  over  by  the 
smooth  drop  of  the  potential,  whose  reflection  coefficient  proved  sufficient  for  experimental 
observation  of  electron  interference.  It  was  shown  ( in  the  work  )  that  experimentally  observed 
current  oscillations  as  a  function  of  the  applied  voltage  result  from  electron  tunneling  through 
virtual  states  in  such  a  quantum  pseudo-well.  To  unambiguously  determine  the  nature  of 
current  oscillations  described  in  [  4  ],  the  effect  of  the  width  of  quantum  pseudo-well  should 
be  investigated. 

In  this  work,  we  study  resonant  tunneling  of  electrons  in  an  asymmetric  hetcrostnjclurc 
with  a  step-like  barrier.  Depending  on  the  sign  of  applied  voltage,  this  structure  allowed  the 
observation  of  energy  states  corresponding  to  two  quantum  pseudo-wells  of  various  widths  ( 
Fig.  1  ). 

In  the  absence  of  magnetic  field  cunent  oscillations  were  observed  which  depend  on  the 
voltage  applied.  These  oscillations  are  connected  with  tunneling  through  quantum  levels  in 
quantum  pseudo-wells  positioned  on  the  right  and  on  the  left  of  the  main  heterobarrier  ( 
Alo.iGao.eAs  ).  Moreover,  the  current-voltage  characteristics  exhibited  a  feature  which  can  be 
attributal  to  tunneling  through  a  state  in  a  triangular  well  formed  over  a  “small’'  barrier  when  a 
bias  voltage  is  applied  {  Alo.03Gao.97As  ). 

Samples  were  grown  by  molecular-beam  epitaxy  on  a  heavily  doped  bT  ••  GaAs 
substrate  and  had  the  following  layer  sequence  :  2*i()'®  cm'^  N'*  GaAs  -  50  nm  thick, 
cm'"’  hr  GaAs  50  nm  thick,  undoped  Ga.\s  10  nm  thick,  a  5  nm  thick  undoped  Alo.^Gao.oAs,  a 
30  nm  thick  undoped  Alo.03Gao.97 As,  2*10'^  cm'’  hT  GaAs  30  nm  thick,  and  3*10’®  cm‘^ 
GaAs  25  nm  thick.  Ohmic  contacts  were  obtained  by  evaporating  Ni-Ge-Au  with  subsequent 
annealing,  A  conventional  procedure  of  clicmieal  etching  was  used  to  fabricate  a  mesa-structure 
100  fim  in  diameter. 

Figure  2  shows  an  experimental  dependence  of  the  second  derivative  of  the  current- 
voltage  characteristics,  d^  I  /  dVb  “  as  a  function  of  an  applied  cxtemal  voltage  bias  Vo  at  4.2 
K  in  the  absence  of  magnetic  field.  The  curve  demonstrates  a  considerable  oscillating 
component  in  the  tunnel  current.  Ibc  “frequency”  of  these  aperiodic  oscillations  differs 
substantially  in  the  regions  of  positive  and  negative  bias  voltages.  Thc.se  osciJlaliuns  arc 
connected  with  resrnant  tunneling  of  electrons  through  the  states  in  quantum  pseudo-well 
formed  by  the  main  heterobarrier  and  smooth  potential  drop  at  the  conductance  -band  edge  in 
the  N’  /  region  in  the  case  of  negative  bias.  At  positive  bias,  these  wells  are  formed  l^y 
main  heterobarrier  and  the  potential  break  on  the  hclerejunction  Alo.03Gao.97As  /  GaAs  (  w.ili  of 
a  small  barrier  ).  Thus,  electron  tunneling  occurs  though  the  states  in  the  quantum  pscudo-weil 
60  nm  wide  in  the  first  case,  and  30  nm  wide  in  the  second  case.  The  resonant  positions 
calculated  in  terms  of  Bohr-Sommenfetd  approximation  according  to  [  5  !  agree  wc.!l  with 
experimental  data  (  Fig.  2  ). 
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Figure  3  presents  the  experimentally  determined  dependence  of  differential  resistance  as 
a  function  of  an  applied  external  voltage  bias.  In  the  absence  of  magnetic  field,  this  curve 
exhibits  a  feature  at  =  -260  mV,  which  conesponds  to  resonance  tunneling  through  states  in 
a  tiiangular  well  formed  over  the  “small”  barrier  when  a  bias  voltage  is  applied  to  the  barrier. 
The  position  of  this  feature  coincides  with  a  theoretically  calculated  position  of  a  level  in  an 
asymmetric  triangular  well,  when  a  real  potential  distribution  along  the  hcteroslructure  is  taken 
into  account.  It  is  seen  from  Fig.  3  ,  that  the  application  of  magnetic  field  perpendicular  to  the 
electric  current  suppresses  ttie  minimum  of  resistance  and  shifts  it  to  higher  voltages,  as  should 
be  the  ease  with  tunneling  through  a  two-dimensional  state  in  a  quantum  well. 

Thus,  in  this  work  we  observed  the  dependence  of  the  electric  current  oscillations  on 
applied  voltage  which  are  associated  with  tunneling  through  pseudo-well  quantum  levels 
positioned  on  the  right  and  left  of  the  main  heterobarrier  (  Alo.4Gao,6As  ).  Moreover,  the  I-V 
curves  exhibited  a  featme  which  corresponds  to  resonance  tunneling  through  the  state  in  a 
triangular  v\cll  formed  over  the  “small”  barrier  when  bias  voltage  is  applied  to  the  barrier  ( 
AI0.03Oa0.97As  ). 

Note,  in  conclusion,  that  a  good  agreement  between  the  positions  of  observed  tunnelling 
oscillations  and  calculated  values  for  an  asymmeirie  single-barrier  structure  at  both  polarities  of 
bias  VDltagc  supports  the  conclusion  made  earlier  in  [  4  ]  that  these  oscillations  are 
manifestation  of  resonance  tunneling  through  virtual  states  in  quantum  pseudo-wells.  Morexiver, 
it  is  due  to  the  creation  of  an  interference  structure  that  coherent  reflection  of  electrons  from  a 
heavily  doped  region  of  a  semiconductor  (  N"*"  /  N  junction  )  can  be  obscrx'cd. 
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Edge  anomaly  in  tunneling  of  electron  into  p-type  semiconductoj' 
G.M.Minkov,  O.E.Rut,  A.V.Gennanenko 
Inst,  of  Phys.  &  Appl  Math.,  Ural  University,  Ekaterinburg,  620083,  Russia 

It  is  well  known  that  for  one  particle  tunneling  the  band  edges  in 
electrodes  do  not  reveal  themselves  as  sharp  peculiarities  in  voltage-current 
characteristic  at  corresponding  biases  [5].  For  example  in  a  tunnel  contact  raetal- 
irisiilator-p-type  semiconductor  with  parabolic  conduction  band  the  bias 
dependence  of  the  differential  conductivity  [og^djldV]  for  tunneling  in  bulk 
states  has  the  form 

cx,{V)^(eV-E^-E,f\ 

where  are  the  band  gap  and  Fermi  energy  respectively,  and  the  energy  is 

r  easured  from  the  top  of  the  valence  band.  This  form  of  the  cr^-vs-F  dependence 
take.s  pl.,ce  under  the  assumption  that  the  band  bending  is  lacking  and  that  the 
tunneling  transparency  of  the  insulator  has  not  energy  and  bias  dependence  in 
range  of  interest.  In  real  situation  these  factors  change  the  a^-vs-V  dependence 
but  they  do  not  change  the  smoothing  of  the  involving  of  the  conduction  band 
si  lies  in  tunneling. 


Fig.l.  Bias  dependences  of  differential  conductivity  taken 
at  different  iriagtetic  fields  for  one  of  the  structures  investigated. 
Ir~et  sho%vs  the  energy  diagram  of  tunnel  structure. 


512 


'rhe  many  particle  effects  change  the  cr^-vs-F  dependence.  The  electron- 
electron  interaction  leads  to  such  effects  as 


'zerc-bias  anomaly"  in  voltage-current 

Fig.2.  Positions  of  maxima 
of  tunneling  conductivity 
oscillations  (  -r)  at  Bt|n  and 
of  the  middle  of  step  when  a 
magnetic  field  direction  is 
perpendicular  (x)  and  parallel  (o) 
to  the  normal  to  the  contact  plane. 


characteristics  of  the  various  tunnel  contacts  [2],  Coulomb  blockade,  etc.  Specific 
manifestations  of  the  many  particle  interaction  may  occur  at  tunneling  of  an 
electron  into  p-type  semiconductor.  : 

We  present  the  experimental  results  of  the  tunneling  conductivity  study 
versus  bias  and  magnetic  field  in  the  structures  raetal-insulator-heavily  doped  p- 
Hgo.8Cdo.2Te.  The  measurements  have  been  performed  at  temperature  range  1.5- 
40  K.  Preparation  of  the  tunnel  structures  has  been  described  in  [3], 

The  aj-vs-F  curve  for  one  of  the  structure  investigated  is  presented  in 
Fig.l.  It  is  seen  tliat  at  some  threshold  bias  =30mV  the  differential 
conductivity  increases  sharply.  For  F>F^  the  tunneling  conductivity  oscillations 
in  a  magnetic  field  are  observed  (Fig.l).  At  fixed  bias  these  oscillations  are 
periodic  versus  reciprocal  magnetic  field  and  the  oscillation  periods  coincide  at  B 
In  and  B)ln,  where  n  is  the  normal  to  the  tunnel  contact  plane.  This  fact  and 
absence  of  the  angle  dependence  of  the  oscillation  positions  in  a  magnetic  field 
show  that  ol  served  oscillations  are  due  to  the  tunneling  into  Landau  levels  of  the 
bulk  states.  Thus,  the  oscillation  positions  in  (F,B)  coordinates  correspond  lo  tbp 
positions  of  the  Landau  levels  in  the  bulk  (Fig.2)  and  their  extrapolation  to  B  =  j 
gives  the  energy  of  'he  bottom  of  the  conduction  band.  It  is  seen,  that  the  step 
position  eF,;^  and  the  extrapolatibn  energy  coincide  very  closely  Thus  the  step  in 
(Tj-vs-F  curve  corresponds  to  including  the  tunneling  into  bottom  of  tiie 
conduction  band. 

For  analysis  of  experimental  results  the  a^-vs-F  dependence  for  one- 
particle  tunneling  has  been  calculated  for  metal-insulator-Kane  semiconductor 
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stnictures.  The  calculations  have  been  performed  as  for  flat  band  so  for  different 


values  of  the  surface  potential  (®,).  The  parabolic  <p(x)  dependence  has  been 
assumed.  This  corresponds  to  the  condition  that  tunneling  electrons  do  not 
change  the  charge  in  space  charge  region  significantly.  The  calculation  results 
(Fig. 3)  show  that  the  step-like  behaviour  of  the  tr^-vs-F  curve  at  bias 
I  ={E^+Ep.)/e  is  absent.  What's  more  the  step-like  behaviour  has  not  met  with 
success  at  any  changing  the  surface  potential  (Afp,)  with  bias  at  reasonable 
condition  A<p,<V.  Thus  the  experimental  cr^-vs-F  curve  is  inconsistent  with  the 
calculations  for  one  patucle  tunneling  in  framework  de.scribed  model. 

in  this  report  two  possibilities  of  step-like  behaviour  of  o^-vs-F  dependence 

are  discussed.  ,  ^  ^ 

One  of  them  is  that  for  eV  >E,  an  addiiional  to  tunneling  of  an  electron 

into  empty  states  of  the  conduction  band,  the  tunneling  into  exiton-like  states 
exists  in  stnictures  based  on  p-type  semiconductors.  Naturally  in  heavily  doped 
narrow  gap  semiconductors  such  states  are  broaden  significantly  and  exiton 
structure  in  a^-vs-F  curve  escapes  detection.  In  other  words,  electron-hole 
interaction  in  final  state  results  in  step-like  cr^-vs-F  curve. 

Another  possibility  is  that  tunneling  into  semiconductor  electrons  have  no 
time  to  recombine  with  holes  or  to  leave  the  region  near  the  barrier  and  as  a 
re.sult  the  increasing  the  current  at  eV>E^  leads  to  deviation  of  the  potential  in 
semiconductor  from  parabolic  form  (some  aixalogue  of  the  Coulomb  blockade). 
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The  farther  investigations  are  necessary  to  clear  observed  experimental 

data. 
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Interband  tunneling  in  RTS  with  type  II  heterojunctions 


A.  Zakharova 

Institute  of  Physics  and  Technology,  Russian  Academy  of  Science, 
Krasikov  str.  25a,  Moscow  1 17218,  Russia 


'I  he  interband  tunneling  in  semiconductor  heterostructures  is  a  subject  of  many  recent  investi¬ 
gations  (see,  for  example,  Refs.  [  l]-[5]).  The  observation  of  negative  differential  resistance  (NDR) 
conditioned  by  the  interband  tunneling,  which  provides  the  possibilities  for  device  applications 
of  interband  tunneling  heterostructures,  is  the  main  reason  of  considerable  attention  to  this  phe¬ 
nomenon.  Especially  attractive  are  InAs/  AlSb/GaSb  resonant  tunneling  structures  (RTS)  with  type 
II  heterojunctions  (see  Fig.  1).  which  current-voltage  (1-V)  characteristics  showed  high  values  of 
penk-to-valley  (PA')  current  ratio  at  room  temperature.  In  these  structures  the  interband  resonant 
tunneling  through  the  light  and  heavy  hole  states  in  GaSb  quantum  well  occurs.  Previously  this 
effect  was  investigated  using  ten-band  tight-binding  model  [1]  and  three  band  kp  model,  which 
considers  realistically  the  coupling  among  the  conduction  band,  light  and  heavy  hole  bands  [2] 
in  terms  of  tunneling  probability.  In  this  paper  we  propose  an  alternative  approach  based  on  the 
transfer  Hamiltonian  method,  which  allows  to  calculate  the  interband  tunneling  probability  and 
interband  tunneling  times  in  tlie  framew'ork  of  the  envelope  function  approach  taking  into  account 
the  mixing  of  elcctroi;,  light  and  heavy  hole  states  in  the  case  of  nonzero  in-plane  wave  vector  of  an 
incident  particle.  Tlie  equation  for  the  tunnel  matrix  element  is  obtained  for  the  interband  transition 
into  light  or  hea^'y  hole  states.  The  interband  tunneling  times  r  corresponding  to  different  sub- 
bnnds  in  the  valence  band  of  the  GaSb  quantum  well  of  the  InAs/AlSb/GaSb  RTS  and  transmission 
coefficients  T  through  single  barriers  are  calculated  using  the  obtained  tunnel  matrix  element. 
The 


yy(A) 

Fig.  1 .  Conduction  and  valence  band  diagram  of  InAs/AlSb/GaSb  RTS. 
c  vole  of  tlie  intei  band  funneling  processes  corresponding  to  the  tran.sitions  into  LH  and  HH 
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states  is  investigated.  Significant  dependence  of  r  on  spin  orientation  of  a  tunneling  pa^ticl^„  is 
obtained.  It  is  shown  that  band  mixing  in  the  case  of  nonzero  A.-[(  dra.stically  enlarges  characteristic 
interband  tunneling.times  in  the  case  of  level  anticrossing  of  2D  holes  in  the  quantum  well.  The 
transmission  coefficients  in  the  RTS  have  been  considered  using  second  order  perturbation  theory. 
The  peak  values  of  T  less  than  unity  are  obtained  for  fc|[  ^  0  in  symmetrical  structures  due  to  the 
spin-orbit  interaction.  Note  that  previously  the  transfer  Hamiltonian  approach  was  applied  for  the 
description  of  resonant  tunneling  in  type  II  heterostructures  neglecting  motion  lateral  to  interfaces 
and  mixing  of  electron  (light  hole)  states  with  the  heavy  hole  states  [3]. 

We  consider  InAs/AlSb/GaSb  RTS  with  type  II  heterojunctions,  which  conduction  and  valence 
band  diagram  under  flatband  conditions  is  shown  in  Fig.  1.  The  probability  of  a  particle  interband 
transition  through  the  wide  gap  barrier  per  unit  time  is  given  by  Fermi  goldel  rule,  where  the  matrix 
element  Tri  can  be  written  in  the  following  form  [3] 

Trl=  [  ’/'’“r  ij '>h  -  V-’Jr )  (  1 ) 

ij 

In  equation  (I)  axis  y  is  normal  to  the  interfaces,  yi  <  ys  <  yi,  where  y  =  yi, 2  correspond  to  the 
barrier  boundaries,  i>it,  are  the  envelope  functions  of  the  states  to  the  left  and  to  the  right  side  of 
the  barrier,  Hij  is  the  Hamiltonian  mao  ix  element.  After  integration  in  equation  (1)  the  following 
expression  for  Tri  is  derived  similarly  to  Ref.  [3] 


T  - 


„.i. 


{ii  +  +  ^nd’ii^lJdy)  -  (72  -  7i){-V>3r()i/'?//cl!/  +  dy)  + 

v^72(-(/’2rClV-'3//.^2/  +  V7.tdiblJdy  -f  + 

VS'yzi-tl’jydhildy  +  'hidil’;jdy  - 


(2) 


Here  we  have  used  the  same  basis  functions  as  in  Ref.  [5],  F  is  proportional  to  the  interband 
momentum  matrix  element,  71,2  are  the  Luttinger  parameters,  =  A-||.  The  value  of  T,.;  should 
be  calculated  at  any  point  ys  within  the  barrier  layer.  Ail  normalizing  lengths  are  siippo.sed  to  be 
equal  to  unity,  and  the  .split-off  energy  to  be  equal  to  infinity.  Due  to  spin-orbit  interaction  the 
transition  probability  through  the  asymmetrical  single  barrier  of  RTS  depends  on  spin  orientation 
of  tunneling  electron.  Tunnel  matrix  element  (2)  corresponds  to  the  transitions  from  (into)  the 
states  in  the  conduction  band  with  spin  a  ^  1/2.  The  tunnel  matrix  element  for  transitions  from 
(into)  the  states  with  oppposite  spin  orientation  can  be  obtained  from  (2)  by  replacing  k,,  with 
The  tunneling  limes  in  the  structure  with  nonzero  split-off  energy  depend  aiso  upon  the  spin  of 
tunneling  electron.  In  a  symmetrical  double  banier  structure 


Ti{<x)  =  r,(-(T), 

T,.{a)  =  (3) 

where  t;,,.  correspond  to  the  transitions  through  the  left  and  right  bariers.  Using  second  order 
perturbation  theory  the  tunneling  probability  in  RTS  in  the  resonance  region  can  be  written  as 

rj,  _ _ 

{£’  -  E\v)^  d^(rf '  +  r“')-/4  *  ^ 

Here  Fw  is  the  quasibound  state  energy  with  in-phttwf  wave  vector  equal  to-  the  lateral  wave  vertex 
of  incident  wave,  the  tunneling  times  are  determined  at  the  estcigy  f.’it .. 


Sirce  for  ^jj  -  7^  0  r;  ^  r^,  if  the  split-off  energy  is  not  equal  to  zero,  then  the  tunneling 

probability  in  resonance  is  not  equal  to  unity  even  in  symmetricarRTS. 

Tlie  obtained  tunnel  matrix  element  was  used  for  calculation  of  the  transmission  coefficients 
and  tunneling  times  in  InAs/AlSb/  GaSb  RTS.  The  calculated  dependencies  of  the  hole  quasibound 
state  energy  and  interband  tunneling  times  on  in-plane  wave  vector  for  the  first,  second  and  third 
subbands  in  the  65  A  Ga?b  quantum  well  of  the  InAs/AlSb/GaSb  RTS  with  15  A  AlSb  barriers 
are  shown  in  Figs.  2a,  2b  and  2c,  respectively.  In  each  figure  curve  1  represents  the  quasibound 
state  energy  .6/ ,  curv  2  (3)  represents  the  interband  tunneling  time  corresponding  to  the  tran.sition 
from  the  conduction  band  state  with  spin  equal  1/2  (-1/2)  in  the  left  InAs  layer  into  the  wefl 
or  the  interband  tunneling  time  corresponding  to  the  transition  from  the  quantum  well  into  the 
conduction  band  state  with  spin  equal  -1/2  (1/2)  in  the  right  InAs  layer.  The  partial  escape  widths, 
which  aie  proportional  to  the  corresponding  reciprocal  tunneling  times  r,“’(cr),  are  different  even 
in  symmetrical  RTS  due  to  the  dependence  of  the  tunneling  time, s  on  spin  orientation,  if  A'n  yt  (). 
Then  the  maxima  of  tunneling  probability  in  symmetrical  RTS  are  not  equal  to  unity.  The  lowest 
subba,  1  in  the  quantum  we  (see  Fig.  2a)  corresponding  to  the  HHl  states  exhibits  the  greatest 
depende..  ce  of  the  tunneling  time  upon  spin  orientation.  The  values  of  T(rr)  are  two  orders  in 
magnitude  greater  than  the  values  of  rf-a)  for  the  values  of  in-plane  wave  vector  of  incoming 
greater  than  2  •  10^  cm"  * .  The  mini-  a  of  T{±a)  in  Fig.  2a  correspond  to  the  peaks  of  the 
tunneling  probability  through  single  barrier  shown  in  Fig.  3.  The  next  two  levels  in  the  valence 
hand  quantum  well  of  the  InAs/  AlSb/GaSb  RTS,  which  dispersion  laws  are  shown  in  Figs.  2b, 
2c,  are  tlic  LHi  and  HK2  states  at  A||  =  0.  For  /n  0  the  anticrossing  of  these  levels  occurs, 
which  is  accompanied  by  significant  mixing  of  the  light  and  heavy  hole  states.  For  this  reason  the 
ch;xracterislic  tunneling  times  corresponding  to  these  levels  are  of  the  order  of  LHI  tunneling  time 
at  Lji  =  O;  The  total  escape  width,  which  is  equal  to  the  sum  of  partial  escape  widths  ^.Tf’(±<j), 
r,T-'{±r),  for  HHl  states  v,ith  k,i  >  2  ■  10^  cm"'  is  of  the  order  of  characteristic  LHI  escape 
width,  while  the  maximum  value  of  T  through  the  double  barrier  structure  corresponding  to  HHl 
resoiuinc.e  is  much  less  than  those  corresponding  to  the  mixed  LHI ,  HH2  resonances  in  accordance 
with  (4';. 
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A;|,(10W-*) 

Fig.  2c. 


T 


Eu{eV) 

Fig.  3.  Dependencies  r(£/,)  for  A-jj  =  2  •  10^  cm"’.  Curves  1,3  correspond  to  final  LFl  states 
and  spin  orientation  of  tunneling  electron  ±1  /2,  curves  2,4  corre.spond  to  final  HH  states. 
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The  studies  of  the  quantum  Hall  effect  (QHE)  for  a  long  time  developed  along  two  almost 
independent  directions  [1--3].  The  first  one  [3,4]  considers  the  2D  system  in. a  pure  limit,  whefe 
its  properties  are  entirely  dependent  on  interactions  between  electrons.  The  fractional  QHE  is  the 
most  famous  example  of  such  a  correlated  electron  state.  Recent  observation  of  lovel  features, 
such  as  composite  fermions,  fractional  statistics,  skyrmions,  etc.  demonstrates  fru  tfulness  of  this 
approach.  The  second  approach  considers  the  2D  system  in  the  impure  limit  and  st  idies  effects  of 
localization  in  magnetic  field.  These  studies  were  restricted  mainly  to  the  regim' ;  of  the  integer 
QHE.  Substantial  progress  has  been  achieved  by  the  two-parameter  .scaling  [5],  considering  the 
conductivity  as  a  function  of  two  characteristic  lengths  detennined  by  ma;  netic  field  and 
temperature.  It  was  commonly  believed  that  this  class  of  phenomena  may  be  understood  in  the 
framework  of  the  single-particle  picture.  Recently,  the  Chem-Simons  gauge  theory  [6]  has 
introduced  a  mapping  between  the  integer  and  fractional  QHE  regimes  thus  directing  the  way  to 
their  unified  description.  In  this  concept,  the  strongly  correlated  electrons  at  fractional  Tilling 
«'=l/(/r'+2)  can  be  mapped  to  the  sy.stem  of  non-interacting  electrons  at  the  corrcspo iding 
integer  filling  n,  particularly,  the  composite  quasiparticles  at  n'-  1/2  can  be  mapped  to  the 
electrons  at  zero  magnetic  field,  ii-  ^  .  Thus,  the  problem  of  the  unified  description  of  the 
interacting  electrons  in  the  pre.sence  of  disorder  merges  with  the  problem  of  their  behavior  at 
zero  magnetic  field. 

In  the  presence  of  a  magnetic  field,  unitary  universality  class  of  the  symmetry  of  the  2D  system  is 
compatible  with  the  existence  of  delocalized  states.  A  large  body  of  experimental  and  theoretical 
stiidie.s  of  tlie  quantized  Hail  effect  confirm  indeed  the  existence  of  extended  states  below  the 
Fermi  level.  These  states  with  non.'.ero  Chern  numbers,  in  high  magnetic  field  B  are  centered  in 
the  corresponding  Landau  levels.  Wlicn  the  energy  of  an  extended  state  coincides  with  the  F3rmi 
energy,  the  electron’  system  shov^/.s  well  pronounced  features  of  the  true  metallic  state.  On  the 
other  hand,  in  the  ab.sence  of  magnetic  field,  the  one  parameter  scaling  theory  [7]  provides  a 
clear  picture  of  localization  which  is  commonly  accepted  at  the  present  time.  In  the  framework  of 
III!';  pic  ture  there  is  no  true  metallic  state  in  two-dimensions.  In  order  to  describe  the  uansition 
between  these  (wo  regimes,  Khmcl'nitskii  [X]  and  Laughlin  [9]  suggested  an  elegant  scenario, 
iiccnrdiiig  to  which  ihc  extended  states  belonging  to  occupied  Landau  levels  should  "float  up"  in 
energy  and  rise  from  the  centre  of  the  Landau  level  as 

^„=/icob(/i+l/2)|l  +  l/((CfX)'l.  (1) 

Here  ov  is  the  cyclotron  frequency,  and  T  is  the  ela..iic  collision  .ime.  In  this  ".strong  floating" 
■"c  '-..tTin,  die  exientled  states  are  expected  to  leave  the  Fermi  see  one  by  one  as  oift  approaches 
(1.  thus  giving  rise  !•>  ilu’  occurrencf  of  a  fully  localized  state.  The  latter  picture  ol  the  QHE  to 
irtoiiiitor  (lausiiioii  vfinld  evidently  be  in  accevd  with  the  one-parameter  scaling  theory. 
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This  prediction  for  a  long  time  remained  to  be  a  challenge  for  experiments,  and  eventiialiy,  in 
1990.  the  transitions  between  the  QHE  and  insulator  have  been  observed  in  experiments  on  high 
mobility  Si-MOSFETs  [10],  The  features  of  tliis  tiansition  however  appeared  to  be  very  different 
of  the  anticipated  scenaric.  A  clue  to  their  irnerpretation  was  suggested  by  Kivdson,  Lee  and 
Zhang  in  1993,  who  have  ihh-oduced  a  Global  Phase  Diagrain  (GPD)  for  description  of  the 
quantized  spinless  particles  on  the  plane  of  the  two  variables,  magnetic  field  and  disorder  1 1 1], 
The  Diagram  is  based  upon  the  hypothesis  of  floating  and  using  the  Chem-Symons  mapping.  The 
Diagram  involves  three  sytumetry  transformations  (or  ,4a\vs  of  corresponding  states"),  such  as  (i) 
electron-hole  symmetry,  (ii)  symmetry  with  respect  to  addition  of  a  fully  filled  Landau  level,  and 
(iii)  flux-attachment  symmetry.  The  GPD  provides  not  a  microscopic  de.scription.  but  a  very 
general  view  on  the  behavior  of  the  quantized  Hall  conductor.  Both  concepts,  of  the  GPD  and 
floating,  suggest  that  the  insulating  state  in  2D  is  a  Hall  type  insulator  ,  which  should  have  a  finite 
Hall  resistance  and  diverging  diagonal  resistivity.  A  large  number  of  experiments  (e.g,,  [12-14]) 
performed  at  various  experimental  conditions  and  in  various  material  systems  have  .shown,  indeed, 
the  Hall-insulating  t>q>e  behavior  occurring  in  2D,  in  accord  with  the  theoretical  picture.  Other 
predictions  of  the  GPD,  related  to  selection  inles  for  the  transitions  between  the  QHE  and 
insulator  phases,  to  trajectories  of  the  extended  states  on  the  „disorder-field“  plane,  and  to 
floating  of  the  extended  states  were  found  mainly  to  disagree  with  experimental  data. 


Selection  rules  for  the  transitions  between  different  phases. 

hi  the  GPD  picture,  the  transitions  between  different  phases  may  occur  only  sequentially,  when 
the  corresponding  Chern  numbers  are  changing  by  Asxy=  ±  1.  Each  tiansition  would  thus 
correspond  to  passing  of  one  extended  state  through  the  Fermi  level,  This  is  evidently  in  accord 
with  all  the  experimental  results  (in  single- layered  systems)  for  transitions  between  pha.ses  \\  ithin 
entirely  the  QHE  regime. 

The  same  prediction  has  been  claimed  for  the  transitions  beuveen  tite  QHE  (.Vxy5*0)  and  In.sulator 
(^xy  =0).  The  majority  of  the  experiments  studied  tliis  transition  only  from  the  lowest  order  QHE 
state  (s^y  =1):  in  the  IQHE  regime  at  v-1,  and  in  the  FQHE  regime  at  v=l/3,  2/3,  4/3,  \/5. 
good  agreement  with  the  GPD  have  been  found.  Transitions  from  QHE  to  insulator,  driven  by 
magnetic  field  (see,  e.g.,  Refs.  [14-16]),  temperature  [17]  and  disorder  [18j  have  been  found  in 
accord  with  the  tlieoretical  predictions.  However,  these  studies  are  not  indicative  of  the  solect'on 
rules  validity.  In  experiments  on  Si-MOSFETs  [10,  12],  the  direct  Lansitious  from  .v,y-2.,  and  n 
QHE  state  to  insulator  (%=0)  have  Ireen  revealed,  and  an  emerging  transition  from  .v,,  =  l(i  to  0 
has  also  been  reported  [12],  The  similar  direct  Uansitions  from  high-order  QHE  states  vvcie  found 
on  different  material  sy.stems:  on  2D  electron  and  hole  .system  in  GaA.s-AI(Ga)  As  (from  v--2) 
[15,16,19],  and  on  2D  hole  gas  in  a  .strained  Ge  quantum  well  (from  v=2.  and  3)  [2()|.  While  the 
transitions  from  v=2  state  may  somehow  be  explained  by  the  spin  degeneracy  of  fiie  pardd-.'s 
(which  was  ignored  in  tite  GPD).  the  higher  order  ti'ansitinns  can  not  t>e  reduced  to  the  lowe  t 
order  one.  Analogous  experiments  in  the  fractional  QHE  regime  on  GaAs-AI(( ia),\s 
heterojunclions  have  also  revealed  occurrence  of  the  direct  transitions  from  high-order  states  i'< 
the  insulator;  V-2/.5  |2 1,22].  V--2/.5  [21.23],  and  v=.2/9  124|. 
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'I'rajectories  of  the  extended  states 

llie  trajectores  of  the  extended  states  on  the  ^disorder-magnetic  field“  plane  separate  different 
phases  of  the  2D  system  cha^acteri^ed  by  different  Chem  numbers  and  determine  therefore 
topology  of  the  Diagram.  In  the  floating  scenario,  as  well  as  in  the  GPD  picture,  the  trajectories 
of  the  extended  states  coalesce  in  the  singular  point  at  zero-disorder/zero  field.  This  corresponds 
to  the  hypothesis  of  tlieir  floating  up  in  energy  (1).  On  the  experinxntal  side,  when  an  extended 
state  passes  through  the  Fermi  level,  a  corresponding  peak  in  the  diagonal  conductivity  arises 
f  17, 1 8,25];  this  effect  was  used  as  a  tool  to  trace  the  trajectories  of  extended  states.  Experimental 
studies  of  floating  were  a  matter  of  recent  debates  [17-19,25,26].  Experimentally,  the  electron 
density  ratlier  than  energy  is  a  variable,  therefore  the  data  on  floating  in  density  must  be 
recalculated  into  the  energy.  It  appears  that  as  cctx  approaches  0,  the  Landau  bands  becomes 
overlapping,  and  the  Fermi  energy  decreases  at  fixed  electron  density.  This  leads  to  the  casual 
floating  of  the  extended  state  with  respect  to  the  Fermi  energy.  Despite  the  number  of  reported 
evidences  for  the  floating  of  the  lowest  extended  state,  most  of  these  data,  to  the  first 
approximation,  can  be  reduced  to  the  simple  effect  of  level  broadening.  In  any  case,  there  is  no 
evidence  for  the  „strong‘‘  or  infinite  floating  at  the  lowest  Landau  level,  while  at  higher  Landau 
1c  els  the  floating  would  evidently  contradict  to  the  observed  direct  higher  order  transitions. 

On  the  theoretical  side,  the  Landau  level  mixing  effect  is  considered  as  the  microscopic  driving 
mechanism  for  the  extended  states  floating.  This  was  sludieo  recently  by  numerical  simulations 
[27-311]  and  analytical  calculations  [31,32].  In  fact,  most  of  these  studies  have  shown  that  mixing 
gives  rise  to  the  Landau  level-  repulsion  as  cotX  decreases  [33],  this  would  tend  to  decrease 
rather  than  increase  the  exterided  states  energy.  Tlie  paradox  has  been  solved  in  Ref.  [32],  where 
the  lower  Landau  br;‘id  energy  was  shown  to  decrease  faster  that  the  repulsion  rises. 


Merging  of  extended  slates,  and  the  empirical  Global  Phase  Diagram. 

The  concept  of  the  infinite  („strong‘^  floating  was  introduced  in  order  to  match  the  predictions  of 
the  scaling  theory  for  the  absence  of  the  extended  states  in  20  at  zero  field.  Instead  of  the 
anticipated  strong  floating,  the  extended  states  were  found  to  merge  and  remain  in  a  finite  energy 
range  as  o^t  decreases  [34].  These  results  taken  on  the  Si-MOS  structures,  were  recently 
cc>nfirmed  by  measurements  on  a  strained  Ge-well  [20].  This  is  in  the  direct  contradiction  to  the 
iheoretical  picture  [11]  and  changes  the  topology  of  the  GPD  (as  will  be  discussed  shortly).  In 
order  to  explain  merging  of  the  extended  states,  the  attempt  has  been  done  [35]  to  incorporate 
spins  in  the  framework  of  the  GPD.  The  empirical  GPD  was  introduced  in  Ref.  [34];  it  is  based  on 
the  experimental  data  and  is  constructed  by  using  the  symmetry  transformations.  This  empirical 
i  )iagram  fits  all  the  available  data  taken  both  in  the  integer  and  fractional  QHE  regimes. 

Tlie  basic  experimental  observation  we  believe  is  of  the  key-importance,  is  that  the  QHE  to 
insulator  transitions  occur  at  resolved  Landau  levels  and  in  the  strongly  interacting  system.  The 
toiiesponding  Coulomb  interaction  energy  is  larger  than  the  Fermi  energy  by  10  times;  this  ratio 
itKira'ces  with  sample  quality  and  with  corresponding  decrease  in  the  critical  electron  density  at 
\vhi<  h  (he  transition  occurs.  The  strong  interactions  were  ignored  in  the  theoretical  picture  of  the 
rd’D  In  (uder  to  explain  merging  of  the  extended  states  and  direct  high-order  transitions,  it  was 
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also  suggested  that  the  insulating  state  of  a  collective  origin,  like  Wigner  crystal,  inay  incorporate 
the  extended  states  [14].  Some  features  of  the  weak  first  order  transition  at  the  OHE-insulator 
critical  boundary  were  found  in  experiments  on  Si-MOSFETs  [36] .  The  topology  of  the  empirical 
Diagram  is  different  from  fnat  of  the  theoretical  GPD,  which  is  due  to  (i)  merging  of  the  extended 
states,  and  (ii)  exchange  interaction-enhancement  of  the  energy  splittings  [34].  The  empirical 
Diagram  predicts  more  high-order  direct  transitions,  the  one  of  them,  1 was 
recently  observed  [37], 


Persistence  of  the  extended  states  to  zero  magnetic  field. 

According  to  the  scaling  theory,  there  should  not  be  extended  states  in  the  2D  system  at  zero 
magnetic  field.  Experimentally,  the  extended  states  were  found,  however,  to  merge  at  non-zero 
magnetic  field,  and  to  remain  in  a  finite  energy  range.  This  suggest  a  puzzle,  whether  or  not  the 
extended  states  persist  to  zero  magnetic  field.  Convincing  evidences  for  existence  at  least  some  of 
the  extended  states  and  of  the  metal-insulator  transition  have  been  recently  obtained  liy 
Kravchenko  et  al  [38].  In  the  subsequent  studies,  the  conductivity  in  high-mobiJity  Si-MCS 
structures  was  found  to  display  a  critical  behavior  typical  for  a  metal-insulator  transition: 
conductivity  scales  with  temperature  and  electric  fieid;  the  scaling  parameter  vanishes  at  the 
critical  point,  and  the  localization  length,  correspondingly,  diverges.  By  comparison  with  the 
scaling  behavior  of  conductivity  in  magnetic  field,  the  existence  of  the  true  metallic  state  at  zero 
field  has  thus  been  proven  [39]. 

This  observation  shows  the  importance  of  the  electron-electron  interactions  and  of  the  eicction 
spin  for  the  topology  of  the  whole  Diagram.  Indeed,  if  the  extended  states  do  exist  at  zero  field, 
they  can  not  coalesce  at  the  singular  point  of  the  zero  disorder,  and  hence,  must  merge  at  a  futile 
magnetic  field.  The  next  question  becomes  then  of  the  principle  importfince,  will  all  of  the 
extended  states  persist  to  zero  field?  Tliere  was  a  theoretical  suggestion  [30]  that  the  exiended 
states  are  „ft'agile“  and  may  be  destroyed  by  disorder  at  finite  ciOeT  values.  The  preliminaty 
experimental  data  seems  do  not  support  this  suggestion. 


In  summary,  the  experimental  observation  of  the  direct  uansitions  between  the  quantized  Hall 
conductor  and  insulator  phases  has  stimulated  a  considerable  interest  in  the  fate  of  delocallzcf! 
electron  states  in  2  dimensions.  Ihe  theoretical  concept  of  the  Global  Phase  Diagram  prov  ided  a 
very  important  tool  for  understanding  these  transitions.  It  becomes  clear  that  the  inteiaciious 
between  the  electrons  must  be  incorporated  into  the  theoretical  piciure  of  the  Glolral  Phase 
Diagram  in  ordei  to  de.scribe  the  experimental  data.  Studies  of  the  Global  Phase  diagram  arc 
intimately  related  to  the  problem  of  the  Anderson  transition  at  zero  magnetic  field,  and  may  give  a 
clue  to  its  solution. 
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Properties  of  two-dimensional  hole  systems 

S.  1.  Dorozhkin 

Distilute  of  Solid  State  Physics,  Chemogolovka,  Moscow  district,  142432,  Russia 


In  this  lecture  I  present  a  review  of  our  results  on  properties  of  two-dimensional  hole  systems  (2DHS)  in 
Si  MOSFETs,  Si/SiGe  and  GaAs/AlGtiAs  heterostnictures.  B(tth,  general  for  2DHS  propeilies:  (i)  the 
existence  of  two  different  groups  of  carriers  and  (ii)  an  extreme  anisotropy  of  Uic  g-factor,  aJid  mtiteria! 
specific  results:  (iii)  occupation  of  the  second  subbtuid  atid  (iv)  the  effect  of  the  uniaxitil  stress  are  discussed. 
Results  on  niettil-insulator  transitions  in  quantising  magnetic  fields  together  with  our  model  capable  of 
explaining  tltem  in  terms  of  percolation  of  noninteracting  carriers  arc  also  presented. 

Two  different  groups  of  earners  appear  in  2DHS  as  a  result  of  lifting  of  .spin  degenerairy  at 
non-zero  wave  vector  in  the  absence  of  inversion  .symmetry.  This  feature  defines  many  transport 
propertie.s  of  2DHS  at  low  temperatures,  in  the  intermediate  range  of  magnetic  fields,  it  leads  to  two 
frequencies  of  the  Shubnikov-de  Haas  oscillations.  At  large  difference  between  these  frequencies 
two  well  resolved  periods  are  observed  which  are  determined  by  the  carrier  densities  in  the  two 
groups.  At  small  difference  the  o.sciljation  picture  shows  the  beating  effect  [I].  The  former  case 
exists-usually  in  materials  without  inversion  symmetiy  in  the  bulk  (for  e.^ample,  in  GaA.s/AIGa.As 
heterostnictures).  The  latter  one  was  observed  in  Si  MOSFETs  where  the  inversion  a.symmetiy 
appears  as  a  result  of  the  a.symmetry  of  the  potential  well  at  the  Si-SiO^  interface.  From  the 
quantum  mechanical  point  of  view  the  beating  effect  results  from  interplay  of  the  cyclotron  and  the 
Zeeman  .splittings  slightly  modified  by  the  spin-orbit  interaction  [1].  The  node  position  should  be 
sensitive  to  each  of  these  quantities,  which  provides  a  sensitive  tool  for  measurements  of  the  energy' 
spectrum  parameters  [2].  This  is  demonstrated  by  Fig.l  wheie  the  Shubnikov-de  Haas  o.scillations 
are  shown  for  different  values  of  an  uniaxial  stress  applied  to  the  Si  MOSFET.  The  oscillations 
appear  to  be  sensitive  to  the  stress  in  the  vicinity  of  the  node  only. 

The  weak  dependence  of  the  node  position  on  the  in-plane  magnetic  field  component  !{,,  at 
not  very  large  values  of  (F'g.  2)  implies  weak  sensitivity  of  the  hole  energy  spectrum  to  this 
component,  which  looks  like  an  extreme  anisotropy  of  the  g-factor  of  hole.s.  For  particular  case  of 
Si  MOSFETs  we  have  shown  13]  that  is  greater  than  2.5.  (Here  g,  and  g,  are  components  of 
the  g-factor  tensor  corre.sponding  to  magnetic  field  orientation  perpendicular  to  2DHS  and  along 
it,  re.spectivelyj.  Such  strong  anisotropy  can  be  naturally  explained  |3I  by  the  fact  that  the  lowest 
subband  in  2DHS  is  produced  by  heavy  holes  with  angular  momentum  projections  ruj  —  -i:3/2 
and  the  in-plane  magnetic  field  do  not  mix  these  states.  Hence,  thi^i  effect  is  genera!  for  subbands 
origina^'iig  from  the  heavy  holes  and  should,  in  particular,  exist ’for  ground  subbands  in  2DHS 
pro  .luced  from  different  materials. 

The  existence  of  two  group.s  of  carriers  leads  to  the  magnetoresistance  at  vveak  magnetic 
fields  (w.r  <  1).  In  the  case  of  the  smuil  energy  splitting  beiween  t!ie  groups,  we  observed 
the  anomalous  magnetoresistance  caused  by  weak  localization  effects  (Fig.3).  Depending  on 
temperature  and  the  areal  density  of  lioles  the  niagnetoresistance  can  be  positive,  nonmonc'tonii 
or  negative.  It  can  bt  well  described  by  equations  of  the  weak  localization  theovv  |  i|.  I  he 
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MAGNETIC  FIELD  (T) 

Fig  1.  Shubnikov-de.  Haas  oscillations  for  2DHS  in  SifllO)  MOSFETs  in  the  presence  of  the 
uniaxial  stress  applied  along  [00 1 )  crystal  axis.  T  =  1.4  K.  Areal  density  of  holes  n,  =  2.7  x 
10’’  cnr  ^  Positions  of  the  node  in  the  oscillation  beating  pattern  are  shown  by  arrows. 


I  ii’  'Filling  faclnis  corresponding  to  the  nodes  versus  the  ratio  of  the  in-plane  magnetic  ficid 
rooipiMM  iii  //,  to  the  total  magnetic  field  //  for  several  hole  den.sities  shown  at  the  curves  and  the 
(\M'  .ri‘'ti(aflons  ot  11 .  lelalive  to  the  crystal  axes. 


.26 


Fig  3.  Anomalous  magnetoresistance  of  2DHS  in  the  Si  (110)  MOSFETat  T  -  4.2  K  for  different 
areal  densities  of  holes.  The  solid  lines  represent  experimental  results.  Results  of  fitting  based  on 
the  equations  of  the  werik  localization  theory  f4]  are  given  by  dots.  Values  of  fitting  para.meters: 
the  phase-breaking  time  and  the  spin-orbit  relaxation  time  Tj,,  are  shown  at  the  curve.s. 

change  of  the  magnetoresistance  sign  is  naturally  explained  by  the  change  of  the  relation  between 
the  phase-breaking  time  and  the  spin-orbit  relaxation  time.  The  latter  is  probably  defined  by  the 
D’yakonov-Perel  spin  relaxation  mechanism  and  depends  on  the  energy  separation  between  the 
two  groups  at  the  Fermi  wave  vector.  In  the  ca.se  of  a  large  energy  splitting  between  the  groups  a 
‘  rather  large  positive  magnetoresistance  appears  which  depends  on  temperature  (Fig.4).  We  have 
shown  [5]  that  the  momentum  exchange  between  the  groups  due  to  the  hole-hole  scattering  leads  to 
the  temperature  dependence  of  both  the  zero-magnetic-field  resistance  and  the  magnetoresi stance. 
Obtained  equations  fit  well  our  experimental  results  (Fig.4)  witli  the  +emperatiire  dependence  of 
the  frequency  of  the  hole-hole  scattering  proportional  to  T^. 

Investigating  the  occupation  of  the  second  subband  in  the  Si  ( 1 1 0)  MOSFET.s  we  have  ob.seiwed 
several  effects  whicii  imply  this  subbaiid  to  be  an  excited  subband  of  heavy  hole.s,  which  cor.inidicts 
the  results  of  calculations  [6).  These  effects  are  listed  below,  (i)  Pinning  of  the  bottom  of  the  second 
subband  at  the  Fermi  level  leads  to  the  great  difference  (about  factor  of  7)  of  the  occupation  rate5 
for  the  ground  and  the  second  .subband  [7].  (ii)  The  large  ani.sotropy  of  the  g-fartor  exists  also  for 
holes  in  the  second  subband,  (iii)  The  uniaxial  stre.ss  only  slightly  affects  the  relative  occupation 
of  the  subbands  18], 

Quantum  o.sciliations  in  dilute  2DHS  in  Si/SiGe  helerostiuctiires  were  shown  to  have  two  types 
of  anomalous  behavior  19,  !0|.  { 1)  With  increasing  magnetic  field,  the  normal  sequence  of  Cpiant'ini 
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Fig  4.  Magnetoresistaiice  of  2DHS  at  GaAs/AlGaAs  heterojunction  at  different  temperatures.  The 
solid  lines  are  experiinenta!  curves,  the  dotted  are  lines  are  theoretical. 


H,(T) 


Fig  5.  Hall  conductivity  (in  units  of  c}jh)  for  .sample  1  of  the  Si/SiGe  heterostructures  versus 
nornwl  magnetic  field  //^  at  different  angles  0  between  the  magnetic  field  and  the  direction  normal 
{o2DUS.  Area!  density  of  holes  =  2.5  x  lO"  cm“^.  2"  =  0.5  K.  Values  of  the  filling  factors  m 
were  defined  from  the  periodicity  of  the  Shubnikov-de  Haas  oscillations. 


MAGNETIC  FIELD  (T) 

big  fi.  Hall  conductivity  it.,,  ,,  for  sample  2  of  the  Si/SiCe  hetero.structures  (n.,  =  5.3  x  10' ’  cm~“) 
vers"  ;  magnetic  field  normal  to  the  sample  plane  at  T  =  30  mK.  The  filling  factors  p  are  defined 
liotn  positiot>s  of  tire  magnetoresistanre  minima  at  7'  =  1 .23  K. 
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Fig  7.  Hall  conductivities  calculated  on  the  basis  of  model  [1 1]  for  two  areal  densities  of 
carriers  corresponding  to  the  zero-magnetic-field  Ferini  energies  Eji={).5eVo  and  £^,=2.2^; In, 
versus  the  cyclotron  energy  normalized  by  the  amplitude  of  the  potential  modulation  cH,.  In  tlie 
chosen  potential  (for  details  see  [10])  the  percolation  threshold  in  the  zero  magnetic  field  occurs  at 
E'J‘=Q.5eVo.  The  ratio  of  the  Zeeman  splitting  to  the  cyclotron  energy  E^/htj^  -  0.6. 

Hall  effect  states  is  interrupted  by  the  appearance  of  the  insulating  state  in  the  region  of  filling  factor 
two,  which  in  turn  is  replaced  by  the  ;/  =  1  quantum  Hall  effect  state.  Tilting  the  sample  platie 
relative  to  the  magnetic  field  direction  increases  dramatically  the  degree  of  insulating  behavior 
(Fig.5).  (2)  In  similar  heterostructures,  but  ones  with  a  higher  areal  density  of  holes,  the  insulating 
state  is  not  observed.  However  the  measured,  almost  quantised,  value  of  the  Hall  conductivity  turns 
out  to  be  different  from  that  expected  from  the  ,Shubnikov-de  Haas  oscillation  periodicity  (Fig.6). 
Such  effects  can  be  naturally  explained  (Fig.7)  by  model  [11]  considering  a  two-dimensional 
•  electronic  system  in  the  presence  of  a  long  -range  potential  modulation  with  amplitude  comparable 
to  the  Fermi  energy.  In  such  a  system  the  Fermi  energy  oscillates  as  a  function  of  the  magnetic  field 
relative  to  the  energy  of  the  delocalized  state  on  a  magnetic  level,  which  leads  to  non-monotonic 
dependence  of  the  Hall  conductivity  on  magnetic  field.  In  particular,  in  some  ranges  of  magnetic 
field  there  are  no  delocalized  states  under  the  Feniti  level,  i.e.  the  system  is  insulating  wiiii  the  Hall 
conductivity  equal  to  zero. 
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Acoustoelectric  effects  in  quantum  constrictions 
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Recently  surface  acoustic  waves  (SAW)^~^,  as  well  as  noneqitilibrium  ballistic  phonons'*, 
have  been  successfully  used  to  study  quasi-one-dimensional  mesoscopic  systems  such  as 
quantum  point  contacts  (QPC)  and  quantum  wires  (QW).  In  most  cases  these  systems 
connect  two  reservoirs  made  of  a  two-dimensional  electron  gas  {2DEG). 

Due  to  the  piezoelectric  effect,  acoustic  waves  induce  traveling  waves  of  electric  field 
which  propagate  with  the  sound  velocity  s.  Being  concentrated  near  the  surface,  these  waves 
are  extremely  sensitive  to  the  electric  properties  of  the  surface’s  vicinity.  A  highly  conductive 
2DEG  screens  out  the  electric  fields  and  in  that  way  effects  the  sound  velocity.  If  the 
electric  field  is  not  screened  completely,  the  Joule  losses  in  the  2DEG  lead  to  a  pronounced 
attenuation  of  the  waves.  In  both  situations  acoustic  waves  provide  a  possibility  of  probeless 
measurements  of  the  2D  conductance  G(w,q)  as  a  function  of  the  sound  frequency  a;  an<{ 
wave  vector  q.  The  role  of  screening  is  determined  by  the  dimensionless  ratio  G/ s  which  is 
usually  large  (see  e.g.  Ref.  5).  However,  the  component  of  G  parallel  to  the  surface  can  be 
suppressed  by  an  external  magnetic  field  and  thus  made  of  the  same  order  as  s.  This  is  the 
case,  in  particular,  under  the  conditions  of  the  quantum  Hall  effect,  and  several  beautiful 
and  instructive  experiments  were  conducted  in  that  regime®’'.  Along  with  coherent  SAW, 
ballistic  phonons  are  also  used  (see,  e.g.,  Ref.  8)  which  can  be  induced  either  by  laser  beams” 
or  by  resistive  film  heaters^. 

Two  groups  of  experiments  are  usually  conducted.  In  the  experiments  of  the  first  group,  a 
/mear  response  to  the  wave  -  the  variations  in  the  sound  velocity  and  atterniation  -  is  studied. 
The  second  group  of  experiments*’'^’^  is  concentrated  on  the  studies  of  the  non/mear  response 
of  the  electron  gas  to  the  acoustic  waves.  The  quantities  which  are  investigated  in  these 
experiments  are  the  dc  electric  current  induced  by  the  waves  (the  so-called  acoustoelect nc 
current),  or  the  dc  voltage  induced  across  the  sample. 

The  acou.stic  waves  seem  very  advantageous  for  studies  of  quantum  constrictions  lil:e 
QPC  or  QW.  Indeed,  the  screening  length  in  the  2DEG  coincides  with  the  Bolir  radius. 
Ob-  Consequently,  if  the  dimensions  of  a  2D  sample  are  mucii  larger  than  as  then  the 
(piezoelectric)  coupling  to  phonons  is  screened  out,  at  least  in  the  absence  of  a  perpendicular 
magnetic  field.  However,  if  the  width  of  the  channel  is  not  exceeding  cb  by  too  much,  the 
field  penetrates  the  channel.  As  a  result,  it  is  the  channel  region  that  contributes  to  the 
interaction  rather  than  the  2D  leads  where  the  coupling  is  screened  out.  On  the  other  iiand, 
the  resistance  of  the  system  is  also  determined  by  the  channel,  and  it  is  possible  either  to 
monitor  its  changes  under  the  influence  of  the  waves  (the  so-called  acousio-conductance). 

Recently,  two  experiments*’'*  on  the  induced  acoustoelcctric  current  in  ()uantum  constric¬ 
tions  revealed  several  interesting  features.  In  the  first  paper  by  Shilton  et  al.*  the  re'  ime 
of  weak  AE  was  investigated,  while  the  second  paper^  cxaminocl  the  regime  of  a  stimuj 
S.AW’-field.  At  low  intensities  the  authors  observed  a  very  specific  behavior  of  the  AB  in 
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a  fjuasione-diniension?,!  channel  defined  in  a  GaAs-AIGaAs  heterostructure  by  a  split-gate 
depletion  -  giant  oscillations  as  a  fuiistion  of  the  gate  voltage  (see  Fig.  1).  In  the  large- 
aniplitudc  regime  the  induced  current  was  shown  to  be  quariti:2ed  in  units  of  e/,  with  e 
being  the  electronic  charge  and  /  =  w/2jr  the  wave  frequency.  This  behavior  was  explained 
by  the  authors  of  Ref.  2  in  terms  of  ‘traveling  quantum  dots’  with  an  integer  number  of 
electrons  in  each  dot.  Tims,  during  one  period  an  integer  number  of  electrons  are  carried 
from  one  side  of  the  constriction  to  the  other. 


Fig.  1.  Afoiistoelrclric  current  as  a  function  of  split 
;gafe  voltage  for  different  SAW  power^).  Inset  ccnipar- 
isnii  of  (lie  conductance  and  acoustoelectric  current. 


Fig.  2.  To  the  explanation  of  the 
source  of  the  giant  oscillations  in  the 
acoustoelectric  current 


I'hc  low-amplitude  beliavior  of  the  AE  has  been  analyzed  previously**^  on  the  basis  of  the 
Holtzmann  equation  for  the  electrons  interacting  with  the  traveling  wave.  The  qualitative 
picture  of  AF  is  as  foolows.  The  linear  re.sponse  of  the  electrons  to  the  SAW  with  a  given 
wave  vector  q  is  proporti.onal  the  effective  “interaction  time”  {qv  —  u?)"*,  during  which  an 
electron  with  the  velocity  v  moves  in  an  almost  constant  field.  At  small  u,  or  near  the 
resonance  (u  w  s)  this  time  diverges.  In  this  region  the  effect  is  determined  either  by  finite 
length  of  Iho  channel,  or  by  electron  scattering.  In  a  homogeneous  2D  system,  the  most 
im[>ortant  relaxation  mechanism  is  di.sorder-induced  scattering,  and  the  coupling  is  limited 
by  file  product  of  the  SAW  wave  vector  times  the  mean  free  path,  q£.  In  a  point  contact  it 
can  be  also  limited  by  the  finite  length  W  of  the  cannel.  In  the  qualitative  theory**^  the  finite 
length  was  taken  into  account  by  introducing  a  “interaction  time”  'v  W/v.  The  analysis 
given  in"*  leads  to  the  conclusion  that  coupling  is  optimal  for  the  electrons  having  their 
v'elocities  in  a  relatively  narrow  range,  the  central  velocity  being  close  to  the  sound  velocity 
.s.  '[  lie  “resonant”  region  is  shown  in  Fig.  2,  its  position  and  effective  width  being  estimated 
in’**.  On  the  other  hand,  elec  tronic  states  can  contribute  to  interaction  only  if  their  ene'-gies 
are  in  a  vicinity  of  the  Fermi  level.  Consequently,  for  a  given  mode  number  n  the  electron 
velocities  have  to  belong  to  a  narrow  interval  centered  around  some  velocity  v,vF.  One  can 
move  these*  inte'  vals  by  changing  the  gate  voltage.  To  get  a  non-vanishing  contribution 
to  tlie  currcMit  oiif'  of  these  rej^ions  has  to  overlap  with  the  region  centered  around  .s  (see 
tlie  h’ig.  2),  that  is  [lossible  only  lor  the  upper  Ic'vel.  As  a  result,  AE  experiences  giant 
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oscilUHons  as  a  function  of  the  gate  voltage. 

The  theory  ,  which  was  able  to  reproduce  the  main  features  of  the  experimental  ob 
servations,  is  ba.sed  on  a  model  treatment  of  the  finite  channel’s  length  and  of  the  role  of 
elastic  scattering.  A  quantum  theory  of  AE  in  a  uniform  quantum  channel  was  developed  in 
Ref.  11  in  an  analogy  to  (  he  previous  treatment  of  equilibrium  phonons‘2.  The  main  point 
was  to  analyze  the  energy  and  momentum  conservation  laws  which  correspond  to  hackscat¬ 
tering  of  the  electrons  by  the  traveling  wave.  It  was  shown  that  there  is  a  cut-off  in  the 
electron-SAW  interaction  ^tq  =  qo  =  2mslh.  At  q  <  backscattering  is  forbidden,  wi.ile 
the  forward  scattering  cannot  influence  the  current  in  a  ID  system.  This  statement  has 
been  also  expressed  in  a  recent  paper'^  where  the  interaction  with  non-equilibrium  ballistic 
-phonons  was  considered.  At  the  same  time,  in  the  experiments'’^  the  interaction  is  clearly 
observed  despite  of  the  inequality  q  <  q^. 

Our  aim  is  to  draw  attention  to  the  fact  that  in  any  realistic  Quantum  channel,  there  are 
special  regions  near  the  leads  where  an  acoustic  wave  (or  non-equilibrium  ballistic  phonons) 
can  cause  transitions  between  the  propagating  states  in  the  channel  and  the  reflecting  states 
which  correspond  to  reflection  of  an  electron  back  into  the  incident  lead.  These  particular 
processes  facilitate  phonon-induced  backscattering.  As  a  result,  the  AE  persists  at  q  <  qo 
and  several  new  and  important  features  of  the  effect  appear  at  9  >  q^.  Note  that  the  role 
of  the  processes  mentioned  above  was  emphasized  in  Ref.  14  in  connection  with  photo- 
conductance  of  quantum  channels.  However,  there  are  important  differences  between  the 
case  of  transverse  electro-magnetic  field  with  zero  wave  vector  (as  in  the  case  of  photo- 
conductance)  and  the  longitudinal  wave  with  a  finite  wave  vector  (as  in  the  case  of  the 
AE),  Below  we  present  a  quantum  theory  which  takes  into  account  the  above  mentioned 
transitions  and  in  this  way  explains  the  results  obtained  in  realistic  structures.  We  believe 
that  atq«qo  these  transitions  lead  to  the  same  physical  efiect  as  the  introduction  of  a 
finite  relaxation  length”  VV  in  the  classical  theory'",  while  they  do  not  have  analogs  in  the 
theory  for  an  uniform  channel"-'^. 

Being  interested  in  the  response  of  quasi-one-dimensional  systems  (quantum  constric¬ 
tions,  wires,  etc.)  we  assume  that  the  channel’s  width  is  of  the  order  of  the  Bohr  radius  «« 
while  the  leads  consist  of  a  two-dimensional  electron  gas  and  have  widths  >  ag.  On  the 
.  other  hand,  the  typical  wave  length  2n/q  of  SAW  or  non-equilibrium  phonons  is  >  ns.  As  a 
result,  the  (piezo)electric  field  produced  by  acoustic  waves  is  efficiently  screened  outside  the 
channel.  This  is  the  reason  why  the  response  of  a  short  channel  is  not  completely  masked  by 
the  leads.  Consequently,  the  field  is  taken  into  account  only  in  the  region  near  the  constric¬ 
tion.  For  simplicity  here  we  consider  the  case  of  zero  temperature  and  assume  the  qiuuituin 
channel  to  be  symmetric  with  respect  to  reflection  of  the  longitudinal  coordinate  (t  -)■  -j). 
Let  the  channel  be  elongated  along  the  x-axis,  its  dimensions  in  the  y-  and  z-directions  be¬ 
ing  much  less  than  g"'  and  97',  respectively.  In  that  case  non-equilibrium  phonons  cannot 
produce  transitions  between  the  modes  of  transversal  electron  motion.  Consequently,  all 
transverse  modes  are  subjected  to  the  sliding  potential  V{x,t)  =  l/(.r)  cos(7x  -  u.-t)  since 
the  envelope  function  V{x)  is  independent  of  n  under  the  assumptions  made  above  Here 
9  =  fix- 

Neglecting  spontaneous  emission  in  the  constriction  region,  we  can  write  the  dc  p!c<  trie 
current  through  the  channel 
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-X?/: 


'  \Th,l{E  +  nAo;,  E)j,,{E)  -  TlA^  +  nfeu;,  E)U^{E)]<kE. 


Here  e  is  the  electronic  charge,  is  the  Fermi  distribution  with  the  chemical  potential /i, 
while  Trl{E-^  nhw,  E)  is  the  sum  (over  the  transverse  modes)  of  transmission  probabilities 
for  particles  with  the  energy  E  to  be  transfered  from  the  left  lead  (L)  to  the  right  one 
(R)  into  the  states  with  the  final  energy  E  +  nhu).  Ti,r{E  +  nhu,  E)  denotes  the  reverse 
transition,  both  transitions  being  accompanied  by  absorption  or  (induced)  emission  of  n 
phonons.  Eq.  (1)  is  actually  a  generalization  of  the  Landauer  formula  .  _  ^ 

Since  we  are  going  to  study  dc  response  in  the  absence  of  external  bias,  ;.e.  at  m  - 
=  yj,  the  current  can  be  expressed  as 


^  p  AT{E)f^{E)  dE,  AT  =  [Tr,l{E  +  nhu,  E)  -  Tlji{E  +  nfrcu,  E)] .  (2) 
ll  Jo  n 


A  positive  AT(E)  means  that  non-equilibrium  phonons  enhance  the  L-^  R  dc  particle 

"""inlius  work  we  shall  study  the  regime  of  relatively  small  acoustic  amplitudes  where  the 
perturbative  approach  is  adequate.  In  particular,  we  restrict  ourselves  with  the  hnear  m 
acoustic  intensity  approximation  where  it  is  sufficient  to  consider  n  =  -1,0  and  1. 

The  numerical  calculation  of  the  acoustically-induced  dc  current  based  on  toe  recursive 
Green  function  method  near  the  continuum  limit!'’.' This  method  gives  an  exact  so  utmn  to 
the  scattering  problem  posed  by  the  Schrodinger  equation.  However,  the  physical  picture 
can  be  understood  from  a  simplified  situation  which  involves  a  constriction  with  smooth 
Vai-iations  on  the  length  scale  set  by  the  Fermi  wavelength  .,  In  this  case  we  can  use 
an  adiabatic  and  scmi-classical  analysis’®.  The  essence  of  the  adiabatic  approximation  is  to 
assume  the  electronic  wave  function  can  be  expressed  as  a  product  of  the  b'cnswcrse  part 
(which  varies  slowly  as  a  function  of  the  longitudinal  co-ordinate  x),  and  the  longitudinal 
part  which  bears  the  main  x- dependence.  Consequently,  the  shape  of  the  constriction  man¬ 
ifests  itself  only  as  rather  smooth  .r-deiiendence  of  the  transverse  eigen  energies,  E„,(.t), 
for  different  tran.sverse  modes.  This  .r-dependent  eigen  energy,  E,„(x),  now  acts_as  a 
tential  barrier  for  an  onc-dimensional  scattering  problem  describing  electron  transfer  m  the 
^-direction.  An  import  ant  feature  of  the  semi-classical  situation  is  that  the  phonon-assisted 
processes  are  spatially  confined  to  regions  relatively  small  in  comparison  to  the  total  length 
of  the  channel,  W.  Indeed,  in  complete  analogy  with  the  semi-classical  theory  of  photo¬ 
conduct, ancc‘^  only  in  the  vicinities  of  the  points  .r',  corresponding  to  local  conservation 
for  both  momentum  and  energy,  the  phase  of  the.  integrand  which  enters  the  perturbation 
matrix  element  (fiV(a-,  t)|/)  is  a  slow  function  if  nr.  Consequently,  only  the  vicinities  of  such 
points  are  important,  and  the  general  behavior  of  the  induced  current  can  be  understood 
from  the  analysis  of  the  local  conservation  laws.  Conservation  of  energy  and  local  longitudi¬ 
nal  momentum  implies  that  mtra-band  transitions  can  only  take  place  only  near  the  points 
.r*  ami  between  the  states  ki^2  determined  by  the  equations  states 

k,(E)  =  k(.vf  E)  =  (70  -  <7)/2 ,  k^iE)  ~  k{xf  E  +  lioj)  =  (70  -h  7)/2  •  (3) 

Here  k{.i\E)  =  tr'J2nt[E  -‘/vdx)].  Here  we  have  taken  into  account  that  for  acoustical 
l)lionons  sg.  Note  tliat  the  component  oc  cxp(77.r-?ce/)  in  V{x,l)  will  cause  a  transition 
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from  the  state  1  to  the  state  2  (absorption),  while  the  component  oc  exp{iujt  —  iqx)  will  cause 
a  transition  from  the  state  2  to  the  state  1  (emission). 

One  can  observe  the  characteristic  quantity  r/o  which 
sets  the  scale  for  the  phonon  wave  vector  q.  In  a  long 
channel  with  an  uniform  width*^’’^  only  the  scatter¬ 
ing  between  the  states  propagating  in  opposite  direc¬ 
tions  can  contribute  both  to  the  drag  currc  it  and  to 
AC.  This  implies  that  we  must  have  q  >  qo  in  order 
to  see  any  effect.  However,  for  non-uniform  wires 
this  is  no  longer  the  case.  As  it  follows  from  Fig.  3 
and  Eqs.  (3),  it  is  natural  to  analyze  the  cases  q  <  qo 
and  q  >  qo  separately. 

The  case  q  <  (jo  is  the  simplest.  According  to"’*'’ 
neither  current  nor  the  change  in  the  conductance 
should  be  induced  in  this  case.  However,  the  co- 
O;  dinate  dependence  of  the  channel  width  leads  to  a 
finite  backscattering  even  ai  q  <  qo-  If  the  energy  E 
of  the  initial  state  satisfies  the  condition 


Ern{0)-nu}  <E  <  Em{^), 

then  a  scattering  from  the  initial  reflecting  state  (in¬ 
coming  from  the  left)  with  the  energy  E  to  the  fi¬ 
nal  propagating  (to  the  right)  state  with  the  energy 
E  +  ti(jj  is  allow'ed.  As  a  result  of  the  absorption 
process  described  above,  the  initial  state  becomes 
not  fully  leflecting,  and  the  total  current  through 

the  channel  increases.  An  emission  process  from  the 

Fig.  3.  Transitions  between  tl,e  propa-  ^  ^ 

gating  and  the  reflecting  states  due  to  total  transmission."  On  the  other  hand,  when 

acoustic  waves.  0  <  E  ~  Em{0)  <  hu)  an  emission  process  will  redu¬ 

ce  AThjXE)  while  absorption  is  not  important.  When  E  >  Em{0)  +  hu},  no  transitions  will 
alter  the  transport  properties  since  transitions  are  between  the  states  fully  transmitted  in 
the  same  direction. 

Fer  the  c-.se  when  q  >  qo  things  are  slightly  more  complicated  since  from  equation  (3) 
scattering  from  the  acoustic  field  will  now  reverse  the  direction  of  propagation.  From  tlje 
conservation  laws  (3)  one  can  extract  the  relevant  energy  scale,  =  h^{q  -f  .  If 

c  s  F  —  jF„,(0)  >  then  no  scattering  is  possible  which  fulfill;'  conservation  of  both  enei-  • 
and  local  longitudinal  momenLum.  One  can  discriminate  between  the  following  four  energy 
intervals  for  the  energy  t.  In  the  first  one  (.see  Fig.  3, a),  hix>  <  e  <  0,  there  is  only  one 
point  where  the  local  conservation  laws  are  fulfilled.  The  same  is  true  for  the  third  region. 
Cl,  —  hu)  <  €  <  ftte,  (Fig.  3,c).  In  (he  second  region,  0  <  c  <  e,  -  /;cx;,  (Fig.  3,1)),  the  waves 
incoming  from  both  the  left  and  the  right  leads  will  experience  seattering  which  a(re<'ts 
AT{E).  It  is  impottant  that  there  arc  two  points,  x},  and  -x},  wlierc;  tlio  couserval  ion  laws 
are  met.  'I'lie  re.stiiting  state  is  a  superposit'  ui  of  an  iucomitig  w;n-e  and  hro  rellecled  waves. 
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fhe  reflecting  points  being  ±a:^.  Thus  the  dependence  of  vs.  energy  (actually,  vs. 

the  Fermi  level  controlled  by  the  gate  voltage)  shows  oscillations  due  to  interference  effects 
between  the  reflected  waves.  The  same  is  true  *br  the  fourth  region,  hu)  <  t  <  tq  (Fig.  3,d). 
The  interference  pattern  calculated  for  q  ~  =  2.4/i  by  the  recursive  Green’s  function 

The  shape  of  the  channel  is  described  by  its  x- 
dependent  width  as 

d[x)ld^=:d^l[{d^-do)cOs\i:xjW)  +  do] 

while  the  envelope  of  acoustic  field  is  taken  as 

K(a:)  =  Vq[1  -  sin®(7ra:/2VF)] . 

The  oscillation  in  the  current  are  clearly  seen. 
However,  at  finite  temperature,  as  well  as  in  the 
case  of  non-momochromatic  phonons  their  ampli¬ 
tude  is  decreased. 

In  conclusion,  we  have  demonstrated  that  AE  is  very  sensitive  to  the  shape  of  the 
quantum  wdre  and  can  be  therefore  effectively  used  for  its  investigation.  Our  numerical 
analysis  shows  that  the  giant  oscillations  of  AE  persist  in  the  case  q  qo,  as  well  as  in  the 
channels  with  abrupt  shape.  In  that  way  the  experimental  results^  axe  fully  understood. 
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method  is  shown  in  the  last  figure. 
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SINGLE-GATED  MOBILITY  MODULATION  TRANSISTOR 

/ 

P.L  Birulin,  S.P.  Grishechkina,  Yu.V,  Kopaev,  S.S.  Shmelev,  V.T.  Trofimov,  N.A.  Volchkov, 
P-N-Lebedev  Physical  Institute  ofRAS,  Moscow  117924,  Leninsky  prosp.,53,  Russia 

We  have  proposed  and  realized  field-effect  transistor  based  on  the  GaAs/AIGaAs  stnic-ture  with 
double  tunnel-coupled  quantum  wells  (QW).  The  channel  conductance  modulation  results  fi'om 
rearrangement  of  the  electron  density  between  two  QWs  tliat  have  essentially  different  camera 
mobility.  The  device  is  effectively  operated  by  a  single  gate. 

Introduction,  In  the  raobihly  modulation  transistor  (MMT)  the  conducting  electrons  are 
transferred  on  a  distance  about  10  nm  at  switching,  and  duration  of  this  process  can  be  less  tl»an 
1  ps  [1].  Ihe  device  speed  then  is  limited  by  the  time  of  band  structure  deformation  (i.e.  time  of 
the  gate  capacitance  recharge)  when  the  signal  U(Fg)  is  appUed  to  the  gate.  Additional  back  gate 
[2]  with  opposite  to  UfFg)  voltage  applied  is  usually  used  for  better  control  of  the  MMT.  In  this 
case  the  carriers  concentration  and  the  bulk  charge  in  the  channel  do  not  change,  and  the 
recliarging  time  of  the  fi-ont  -  back  gates  capacitimee  is  determined  by  resistance  of  the  external 
circuits.  The  paraphase  gate  voltages,  however,  are  unsuitable  for  device  applications. 

Model  of  the  structure.  In  this  work  we  propose  version  of  the  MI^IT  effectively  operated  by 
a  single  gate  based  on  the  Schottky  banner.  We  have  perfonnsd  numeric  simulation  of  the  de\'jce 
using  drift-diSusion  model  and  one-dimensional  envelops  metliod  for  Sclirddinger  equation.  Hie 
conductance  band  edge  profile,  energy  spectrum  and  electron  wave  functions  of  the  quantum 
states  in  QWs,  and  the  carriers  concentration  in  the  quantum  subbands  were  calculated. 

The  model  structure  contains  two 
tunnel-coupled  undoped  quantum  wells 
(Fig.  1).  The  top  well  (QW2)  of  5  nm  width 
is  highly  resistive  due  to  low  electron 
mobility  ()a.2~100  cmW  -s)  which  is 
suppres.'cd  by  using  low  temperature 
growth.  The  bottom  20  nm  wide  well 
(QWl)  with  pi~10‘’  cmW  -s  is  more 
conductive  tI^an  QW2  at  any  gate  volt  ges 
and  acts  as  transistor  channel. 


25  nm  GaAs.  Nn=1  xIO’®  cm'® 
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10 

Alo.iGaorAa.  Nd=1  xIO^®  cm'^ 
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Alo.sGaojAs 
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FIG.l.  Sample  structure.  All  thicknesses  are 
given  in  nanometers. 
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The  Si-doped  parts  of  the  top  and  bottom  baniers  supply  the  carriers  tn  QWs,  the  bottom  bamer 
being  more  doped  than  the  top  one.  According  to  the  Poisson  eqnadon  the  electric  field  changes 
m  the  region  of  higher  bulk  charge..  Strong  doping  of  the  bottom  barrier  and  usage  of  xmdoped 
QWs  allowes  to  achieve  deep  conductance  modubtion.  Due  to  die  chosen  doping  profile  it  is 
possifclc  to  change  die  she^i  electron  concentration  in  QW2  irom  its  maximum  to  zero  keeping 
the  shcci  concentration  in  QWl  constant  The  simplified  two-dimensional  eriMgy  diagram  of  the 
MMT  and  its  equivalent  circuit  scheme  are  given  in  Fig.  2.  QWl  and  QW2  are  presented  by 
resistor  circuits  41-43  and  21-23  respectivefy  which  hi  connected  by  resistors  31  and  32  (die 
f  unnel  barrier  resistance).  The  Fermi  levels  position  of  the  source  (F,),  gate  (F^  and  drain  (F^)  as 
wen  as  conductance  band  edge  (c)  are  directed  along  the  vertical  axis.  The  Schotiky  bamer 
capacitance  Cl  recharges  through  smaD  resistors  32  and  41  when  the  gate  potential  changes.  As  a 
result  the  sheet  conccntrati'ni  nz  decreases  almoust  to  zero  while  in  QWl  practically  does  not 
change  (Fig.  3a).  Only  at  U(Fg)<-0.8  V  n,  decreases,  and  the  device  operates  as  usual  high 
cIcctroB  mobility  transistor  (HEMT).  The  characteristic  time  of  QW2  dqiletion  is  detennmed  by 
esptewon  R  C  nj/n, ,  where  R  is  the  channel  resistance,  in  advantage  to  R  -C  for  usual  HEMT. 
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Gate  Voltage,  V 


FIG3.  Calculated  (cal)  and  experimental  FIGl4.  Energy  diagram,  size  quantization,  levels, 
(exp)  dependences  of  n„  Oj,  effective  Fenni  level,  and  wave  function  for  double 
mobility  and  MMT  transconductance  G  on  quantum  well  structure  at  various  gate  voltages. 
U(Fg)at77  K. 

The  channel  conductance  modulation  during  the  depletion  of  QW2  is  caused  by  abrupt 
mobaily  drop  at  the  anlicrossing  of  quantum  levels  in  the  tunnel-coupled  quantum  wells  with 
different  electron  mobilities.  Two  lower  quantum  states,  corresponding  wave  functions  and  Fermi 
level  in  this  system  at  various  gate  voltages  are  shown  in  Fig. 4.  The  conducting  channel  at  any 
gat  voltage  is  QWl  with  a  hi^  carriers  mobility.  When  U(Fg)=-0.5  V,  however,  the  anticrossin,^ 
of  quantum  levels  occurs,  and  the  electron  wave  fimetions  in  the  vveUs  delocalizes.  This  Iead.s  to 
strong  increase  of  electron  scattering  on  the  defects  in  QW2.  In  frames  of  the  model  of  the  partial 
contributions  of  relaxation  times  the  scattetir  7  probability  is  detemimed  by  equation; 

1  I  (l--P(QWl)) 

T  T, 
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where  Tt  is  the  phonon  scattering  time  and  To  is  time  for  defect  scattering  in  QW2  (Tt«To). 
P(QWl)  is  a  probability  for  the  electron  to  be  found  in  QWi.  Value  of  x  ‘  sharply  inta-eases  whra 
P(QWl>tl  and  electrons  delocalize  between  QWI  and  QW2.  At  further  gate  voltage  decrease 
the  quantum  levels  moves  out  from  the  resonance  and  die  transistor  conductance  again  increases. 
The  calculated  dependence  of  conductance  upon  the  gate  voltage  for  the  channel  lengfli  taken 
4  pm  is  shown  in  Fig.3a.  When  U(Fg)<-0.8  V  conductance  deaeases  due  to  depletion  of  QWI, 
the  device  being  operated  as  usual  HEM"!  . 

Experimental  results.  Measured  dependencies  of  mobiSty  and  concentration  on  die  gate 
voltage  at  77  K  arc  shown  in  Fig.3b.  The  experimental  struchjre  differs  from  the  numerically 
simulated  one  by  abscence  of  the  bottom  barrier  doping.  This  leads  to  lower  conductance 
modulation  than  predicted  due  to  depletion  of  QWI  during  rearrangement  of  electron  daisity  in 
QWs.  The  growth  of  high  mobility  QWs  with  dopped  bottom  barrier  meet  certain  technological 
problems  due  to  Si  outdiffusion  in  process  of  upper  l^'ers  growth. 

Conclusion.  We  have  proposed  and  realized  structure  of  mobility  modulation  transistor, 
which  is  effectively  operated  by  single  gate.  The  undoped  QW  widi  low  carriers  mobility  is  used 
only  as  die  electron  scattering  source  when  the  carriers  wave  functions  are  delocalized  under 
effect  of  gate  voltage.  More  than  30-fold  mobility  modulation  ratio  was  obtained  at  77  K  while 
the  concentration  was  kept  practically  constant. 

The  work  was  supported  by  REBR  and  INTAS  grants. 
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THE  2DEG  HEATING  BY  ELECTRIC 

,  FIELD  OF  SURFACE  ACOUSTIC  \^AVE. 
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T. A. Polyani3kaya,I.G. Savel’ev, I.Yu.Smirnov*,  A.V.Suslov 

A.F.IofFe  Physicotechnical  Institute,  194021,  St.Petersburg,  Russia 


The  Investigation  of  nonlinear  effects  In  Bulk  Plezoactlve  Ultrasound  Waves  absorp¬ 
tion,  caused  by  their  interaction  with  electrons  in  a  3-dimensional  case  has  shown  ,  that 
the  nonlinearity  mechanisms  depends  on  the  state,  in  which  electrons  are.  When  electrons 
are  ’’free”  the  nonlinearity  mechanism  is  associated  usually  with  their  heating  in  the  elec¬ 
tric  field  of  sound  wave  ,  and  the  heating  character  depends  on  the  relation  where  U) 
-  sound  frequency,  T(-  the  energy  relaxation  time  [1,  2].  If  electrons  are  localized,  then  the 
nonlinearity  mechanism  is  determined  by  the  type  of  localisation  (localization  on  single 
impurity  or  in  the  random  potential  wells).  It  has  been  shown  in  [3],  that  when  electrons 
are  localized  on  the  single  impurities  a  nonlinarity  is  determined  by  impurity  breakdown 
in  the  electric  field  of  sound  wave,  and,  when  the  electrons  appeared  in  conduction  band, 
due  to  breakdown,  their  temperature  began  to  raise  because  of  heating  in  the  electric  field 
of  sound  wave  [4]. 

The  present  work  informs  on  the  investigation  of  nonlinear  effects  associated  with  the 
interaction  of  delocalized  2DEG  with  electric  field  of  Surface  Acoustic  Waves  (SAW), 
aimed  on  the  mechanisms  of  nonlinearity  studying.  Dependence  of  coefficient  of  SAW 
absorption  by  2DEG  cn  SAW  Intensity  v/as  observed  earlier  in  the  GaAs/AlGaAs  het¬ 
erostructures  [5,  6]  only  in  magnetic  fields  ,  corresponding  to  small  filling  factors,  when 
2DEG  is  localized.  The  authors  explained  this  dependence  by  the  2DEG  heating. 

In  the  frequency  range  30-210MHz  we  studied  the  magnetic  field  dependence  of  the 
coefficient  of  SAW  absorption  by  2DEG  in  GaAs/AlGaAs  heterostructures  on  a  temper¬ 
ature  r  (l,4-4.2K)  in  a  linear  regime  (input  power  did  not  exceed  and  at  T—Lb 

intensity.  The  samples  used  were  studied  earlier  in  [7],  and  had  carrier  density 
n  =  6.7  ♦  and  mobility  (x  =  1.28  *  I0^cm~^/V  *  s  at  r=4.2  .  A  method  of 

the  experiments  is  described  in  [7j.  The  general  idea  of  the  method  is  that  the  studied 
structure  is  placed  on  the  surface  of  a  piezoelectric  (lithium  niobate),  on  which  the  SAW 
propagates.  An  alternative  electric  field  (of  the  frequency  equal  to  that  of  SAW),  accom¬ 
panying  the  .leformation  wave,  penetrates  into  2DEG  channel  producing  electric  currents 
and  respectively  -Joule  losses.As  a  result  of  such  an  interaction  the  SAW  energy  is  at¬ 
tenuated.  Because  the  measured  SAW  absorption  coefficient  is  determined  by  the  2DEO 
conductivity  the  electron  spectrum  quantizing  in  a  magnetic  held,  (the  Sdll-oscillations), 
results  in  the  SAW  absorption  oscillation. 

Fig.l  illustrates  the  absorption  coefficient  F  dependences  on  magnetic  field  at  the 
temperature  T  =  1.5A'  for  two  SAW  intesitle-s.  A  character  of  the  F  depPiKleuce.s  on 
magnetic  field  is  anedyzed  in  [7j;  maxima  of  the  absorption  are  equidistant  in  inversed 
magnetic  field  (the  splitting  of  the  maxima  in  higli  magnetic  fields  is  determined  by  t  he 
relaxation  character  of  absorption). Dependences  of  F  on  temperature  and  .SAW  intensit)' 
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weie  derived  from  the  experimental  curves  of  the  type  of  these  presented  on  Fig.l 
in  magnetic  fields  lower  than  25kOe.  Fig.2  illustrates  the  temperature  dependence  of 
AF  =  Vmax  ~  Fm/n, where  Fai^ia'  and  Fm/n  asre  the  values  of  an  adjacent  minimum  and 
maximum  of  F,  measured  in  a  linear  regime  at  a  frequency  150  MHz.  Fig.3  presents  the 
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Figure  1  The  absorption  coefficient  F  dependences  at  T=1.5K  at  F=0.00001W  (a)  and 
atT=1.5Kat/»=0.0004W(b> 

14.  1 4  r  . 
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Figure  2.  The  AF  dependences  on  temperat  lure  Figure  3 .  The  AF  dependences  on  power  P  at 
1 50MHz  for  different  magnetic  fields  H:  1 50MHz  for  different  H:  l-17.5kOe, 

i-17.5kOe,2-15..5kOe,3-14.1kOe.  2-15.5kOe,3>14.1kOe. 

AF  dependence  on  the  output  power  P  of  the  RF  source  of  SAW  at  150  MHz  at  r=1.5 
K  Tt’s  seen  from  the  figure, that  AF  decreases  with  the  P  increase. 

it  was  shown  in  [7],  that  in  the  magnetic  field  region  lower  25kOe,  dissipative  conduc- 
luvities,  derived  from  the  direct  current  measurements  and  those  froin  SAW  absorption 
coefficient  in  linear  regime  are  equal,  ojfx  “  This  fact  gave  us  the  reason  to  beleive 
the  electrons  to  be  delocalized  in  these  magnetic  fi^tls.  As  was  said  above  we  sha,ll  analyze 
nonlinearities  in  this  region  only. 

As  it  was  sliown  in  [8],  if  electrons  are  delocalized,  than  one  can  determine  the  2DEG 
parameter  (transport  and  quantum  relaxation  time,  carriers  density,  mobility)  from  <Tx3c 
and  it’s  dependence  on  a  magnetic  field.  Therefore  it’s  quite  natural  to  consider  the 
nonlinearity  mechanism,  which  had  been  investigated  earlier  on  these  structures  using 
direc  t  current  (the  resistance  dependence  on  the  electric  field  density  [9]).  In  this  work  it 
was  shown  that  the  dependence  of  resistivity  on  the  current  density  can  be  explained  by 
the  2DPG  heating,  and  the  energy  relaxation  processes  are  determined  by  a  piezoacoustic 
eic  -  (.ron-phoi!on  interaction,  and  tlic  impulse  relaxation  is  due  to  the  scattering  on  the 
ionized  inipuritios. 
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For  a  description  of  the  electron  gas  heating  using  temperature  Te,  which  differs  froin 
the  lattice  temperature  To,  the  following  condition  is  to  be  met: 


Tp  «  Tee  «  To  (1) 

whereTp,7"gg,  -  the  transport  relaxation  time,  the  electron-electron  collisions  time  anu 
energy  relaxaton  time  respectively.  The  transport  relaxation  time  can  be  derived  from 
the  value  of  mobility  in  the  absence  of  magnetic  field  and  is  equal  to  Tp—  5  *  10“**s. 
The  electron-electron  collisions  time  being  T ee=  5  *  and  energy  relaxaton  time 

rc=  3.3  *  10“®s. 

By  analogy  with  [9]  one  can  determine  Tg-  the  temperature  of  2DEG  comparing  the 
dependences  of  AF  on  P  with  its  temperature  dependence  .  Such  a  comparison  allows 
one  to  relate  the  2-dimensional  electrons  T*  and  P. 

In  order  to  determine  the  energy  losses  Q,  determing  Te,  it  was  necessary  to  make  the 
following  calculations:  an  electric  field  E,  in  which  2D-electron8  are  when  SAW  propagates 
in  a  piezoelectric,  is  equal: 


"•-■’(-/‘“I 

1/  [1  +  (47r<7^^/e^v)/j2 


(2) 


where  -electromechanic  coupling  coefficient,  v,  k  -  the  SAW  velocity  and  wave  vector 
respectively,  a  -the  value  of  vacuum  gap  between  the  sample  and  the  piezoelectric  sub¬ 
strate,  axx  -the  2DEG  conductivity,  Cq  ,  ,€g  -  the  dielectric  constants  of  vacuum, 

piezoelectric  and  the  sample  respectively,  W  -the  input  SAW  pov.er  in  the  sample  per 
the  width  of  sound  track.  The  functions  b  and  /  are  complex  functions  of  €o  ,Ci  ,6^, 
V,  k,  a.  The  energy  losses  per  one  electron  Q  —  Multiplying  the  both  parts  of 

Eq.(2)  by  (Txx,  one  can  obtain  Q  =  4Wr/n,  n-the  carrier  density.  Fig.4  illustrates  the 
dependence  of  Q  on  T*  for  two  frequencies:  ^0  and  150MHz.  We  have  built  dependencies 
Q  =  —  Tq),  corresponding  to  the  interaction  of  electrons  with  piezoelectric  potential 

of  acoustic  phonons  (PA-scattering)  in  a  case  of  weak  screening,  for  frequencies  30  and 
150  MHz  in  different  magnetic  fields  Q  =  ~  ^o))  because  the  condi¬ 

tion  of  the  w'eak  screening  is  not  fulfiled  for  this  sample  it  were  built  the  dependencies 
Q  =  /(T®  —  Tq),  corresponding  to  the  case  when  energy  relaxation  happens  on  piezo¬ 
electric  potential  of  acoustic  phonons  (PA-scattering)  and  the  screening  is  strong,  for  the 
same  frequencies  and  magnetic  fields  Q  =  A5(r®  -  Tq)  [10]. 

The  analysis,  carried  out  by  the  least  squares  method,  have  shown  that  our  experimen¬ 
tal  curves  can  be  fitted  rather  well  by  Q  =  A^l'T^  —  Tq).  Figure  4  illustrates  experimental 
points  and  theoretical  dependencies  Q{Tf  —  Tq)  for  frequencies  30  and  150  MHz  with 
Ab  =  ZcVfsK^  and  A.ieVfsK^  respectively. 

The  results  of  the  2DEG  heating  study  in  high  frequency  electric  field  confirms  ilie 
general  conclusions  of  [10].  But  because  the  Q{Tf)  calculations  in  [10]  were  mat!('  f.n  a 
static  electric  field  it  cannot  explain  a  different  values  of  Ar,  at  dilfercnt  fVecineucics, 
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Figure  4.  The  dependence  of  Q  on  Tgfor  two  frequencies  {1  -150MHz,  2-30MHz). 


This  fact  is  associated  probably  with  a  diverse  magnitude  of  relation  IjUJ  and  for 
different  frequencies.  At  30  MHz  UJT^<  1  (0.62),  but  at  150  CxJT^>  1  (3.1).  In  the  case 
of  1  the  heating  is  determined  by  average  wave  power,  whereas  when  UTe<  1  the 

21?  5G  heating  is  determined  by  the  instantaneously  changing  wave  field.  That  can  lead 
to  the  different  heating  degree  at  the  same  energy  losses. 

The  work  was  supported  by  .the  RFFI  N95-02-04066-a,  N95-G2-04042a  and  INTAS- 
1403-93-ext  grants. 

References 

[1]  Yu.M.  Galperin  et  al.  FTT,  28,  3374  (1986). 

[2]  I.L.Drichko.FTT,27, 499, (1985) 

[3]  Yu.M.  Galperin  et  al.  FTT,  28,  3374  (1986p 

[4]  Yu.M.  Galperin  et  al.Proc.  of  the  SPNS.Vilnus.186,  (1986). 

[5]  A.  Wixforth  et  al.  Phys.Rev.B,  40,  7874  (1989). 

[6]  A.  Schenstrom  et  al.  Sol.St.Comm.,  68,  357(1988) 

{7|  I.L.Drichko  et  al.  FTP,  31,  451  (1997). 

[8]  I.L.Drichko,  I.Yu.  Smirnov.  FTP,  31,  N9(1997) 

[9]  M.G.Blytimina  et  al.  Pisma  v  JETP,  44,  257  (1986). 

[10]  V.Karpus.  FTP,  22,  43  (1988). 


544 


Transition  from  semimetal  to  semiconductor  in  type-Il 
p-GaIn AsSb/p-In As  heterojunctions. 


T.S.  Lagunova,  T-I,  Voronina,  M.P.  Mikhailova,  K.D.Moisecv, 

A.E.  Rosov,  Yu.  P.  Yakovlev. 

Recently,  it  have  been  shown  there  is  an  electron  channel  with  high  carrier 
mobility  (jih=50000-70000  cmW -s)  at  the  interface  of  the  type  II  broken  gap 
p-GalnAsSb/p-InAs  single  hetcroj unctions  with  undopcd  quaternary  layers 

[1] .  Existence  of  this  channel  is  due  to  spatial  separation  of  electrons  and  holes 
and  their  localization  in  the  adjacent  quantum  wells  on  the  both  sides  of  the 
interface. 

We  report  here  some  results  of  detailed  study  of  the  electron  channel 
properties  and  magnetotransport  layer  in  the  GalnAsSb/InAs  heterojunctions 
in  depending  on  acceptor  doping  level  of  the  quaternary  layer.  Hall  coefficient 
Rn,  electron  conductivity  and  Hall  mobility  were  measured  at  77-200K  under 
magnetic  fields  H=l>20kOe.  An  abrupt  decrease  in  carrier  mobility  with 
increasing  doping  level  in  these  heterostructures  was  observed,  and  a  transition 
from  seminietal-to-semiconductor  behavior  was  found  for  the  first  time. 

We  study  p-GalnAsSb/p-InAs  heterojunclions  with  high  quality 
interface  gi-own  by  LPE.  Epitaxial  Hyers  of  Gao.83lno,i7Aso.22Sbo.78  (Eg=0.63cV 
at  T=77K)  of  2)im  thickness  were  grown  on  the  lattice-matched  p-InAs 
substrates  (cy77K=0.2  Ohm-icnv*,  p77K=10'%m-3  ,  Eg=0.40eV,  T=77K)  and 
doped  by  v'^rious  acceptor  impurities  (Zn,  Ge,  Sn)  in  content  from  lO'^  up  to 
5-10-2atom  %.  Band  energy  diagram  of  such  structure  was  established  before  in 

[2]  and  represents  a  type  broken-gap  alignment  with  a  gap  between 
GalnAsSb  valence  band  and  InAs  conduction  band  A  «  60  -  80  mcV.  6 
contacts  were  made  on  the  GalnAsSb  surface  of  the  rectangular  samples  by  In 
alloy.  A  sign  of  Hall  voltage  indicates  an  electron  type  of  conductivity  in  all 
hcterostructurc  samples  by  doping  of  any  kind  of  acceptors  (Zn,  Gc,  Sn)  in  the 
widc  range  of  doping. 
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1  Hal!  coeffic  .at  Rq  tempera tuie 
'ependence  for  samples  with  various 
doping  level:  1  -  slight,  2-4  -  moderate,  5  - 
the  highest. 


By  our  opinion,  it  is  due  to 
predominant  contribution  in 
H=l-20kOe  conductivity  of  electrons 
from  the  channel  situated  at 
the  interface  on  p-InAs  side. 
Fig.  1  represents  Hall 
coefficient  Ra  temperature 
dependence  for  the  samples 
with  various  doping  level  of 
quaternary  layer  (curves  1-5). 
As  one  can  sec,  Rn(T)  for 
slightly  doped  sample  (curve  I) 
depends  weakly  on 
temperature  and  magnetic 
field  intensity.  For  moderate 
doped  samples  an  increase  of 
Hall  coefficient  value  was 
observed  with  T  rising  (curves 
2-4).  It  is  interesting  to  notice 
Ro(T)  dependence  changes  a 
sign  at  T-130K  that  indicates 
beginning  hole  conductivity  in 
a  sample  with  the  highest 
doping  level  (Fig.  2,  curve  5). 


In  .such  sample  high  mobility  electrons  contribute  under  low  magnetic  fields 
(H  “  1-2  kOe),  and  hole  contribution  becomes  significant  only  under  high 


magnetic  field  (H  ~  10  -  20  kOe). 

Fig.  2  represents  mobility  dependence  versus  Zn  doping  level  at  T=77K 
and  200K  (curves  1  and  2)  for  p-GalnAsSb/p-InAs  heterostructures.  At  low 
acceptor  content  (Zn<410-^  atomic  %)  high  electron  mobility  nearly 
indcr.cndcnt  on  T  was  observed  in  a  wide  temperature  range  (50000- 
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70000cmW  s  at  4.2-200K).  But  drastic  electron  mobility  drop  is 
observed  beginning  in  Zn  content  more  than  4-10-^  at,%. 


The  electron  channel  width  d,  A 


Zn,  at% 


These  pn  dependence 
versus  Zn  content 
differs  significant  from 
one  for  p-GalnAsSb 
solid  solutions  of  the 
same  compositions  but 
grown  on  scmi- 
ivsolated  GaSb  sub¬ 
strate  (curve  3).  It  is 
important  fact  that  an 
abrupt  drop  mobility 
for  p-GalnAsSb/p- 
InAs  heterostructures 
starts  at  the  same 
acceptor  content, 
while  in  p- 
GalnAsSb/GaSb 


Fig.2  Hall  mobility  versus  Zn  content  in  Structures  one  can 
p-GalnAsSb/p-InAs  and  p-GalnAsSb/GaSb  observe  a  mobility 
heterostructures 

independing  of  doping 

level  due  to  hole  degeneracy. 

This  result  firstly  demonstrates  a  transition  from  semimctal  to 
semiconductor  behavior  in  the  type  II  broken  gap  p-GalnAsSb/p-InAs  single 
hcterostructufcs  under  study  with  increasing  acceptor  doping  level.  It  can  be 
due  to  narrowing  electron  quantum  well  at  InAs  side  of  the  interface  as  carrier 
concentration  increases  in  quaternary  layer.  Indeed,  we  obtained  variation  of 
mobility  with  the  electron  canncl  width  as  (See  curve  4  Fig.3).  Wc 

evaluated  two-dimensional  electron  concentration  Ns  and  d  in  our 
hcterostruclurcs  using  two-layer  model  taken  into  account  contributions  in 
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ccSnductivity  of  carrier  from  electron  channel  and  from  p-GalnAsSb  layer,  as 
well  as  inversion  point  of  Hall  coefficient  (T=130K)  where  these  contributions 
arc  equal  (Fig.2, curve  5).  We  obtained  the  following  d  value  for  moderate 
doped  and  heavy  doped  quaternary  layers:  Ns=10*“cm'2  and  cm-^ 

(i=50A  and  lOOA  for  p=2-10i^cnr5  and  6-10^8  cm-^  respectively.  For  sample 
with  undoped  quaternaiy  layer  Ns^IOi^cm^^,  d=400A  were  obtained  from 
Shubnikov-  de  Haas  oscillation  temperature  dependence  [3]. 

It  is  interest  to  notice  that  similar  pH(d)  dependence  and  semimetal- 
scmiconductor  transition  in  depending  on  quantum  well  width  have  been 
observed  recently  in  [4]  for  type  II  broken-gap  n-GalnSb/InAs  superlattices.  In 
our  case  the  increasing  doping  level  of  quaternary  layer  leads  to  narrowing 
electron  well  near  the  interface.  Electrons  in  the  channel  can  be  strongly 
localized  in  the  potential  wells  on  the  interface.  As  a  result  its  mobility  drops, 
and  wc  can  see  depletion  of  electron  channel  and  a  seminietal-semiconductor 
transition. 

This  work  supported  in  part  by  Russian  Basic  Research  Foundation 
grant  JS'b96-02-l  784/a  and  Programme  “Solid  State  Nanostructure  Physics” 
grant  1-001. 
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QUANTUM  CYCLOTRON  RESONANCE  OF  2D  HOLES  IN  Ge  LAYERS  OF 
Ge  -  Ge,.,S!,  HETEROSTRUCTURES 

L.K, Orlov,  J.Leotin,  F.Yang.Yu. Arapov,  N.Orlova 
N.  Novgorod,  Ekaterinburg,  Russia;  INSA,  Toulouse,  France 
orlov@ipm.sci-nnov.ru 

One  vital  trend  in  semiconductor  physics  today  is  a  research  into  ways  of  controlling  the 
energy  spectrum  of  charge  carriers  in  semiconductors.  The  most  effective  method  being 
developed  recently  towards  a  solution  of  this  problem  involves  the  growtli  of  the  multilayer 
strained  heteroepitaxial  structures  with  nanometer  ■  thick  layers.  The  charge  carrier  spectrum  in 
them  changes  due  to  a  size  -  quanti2ation  effect  and  the  action  of  intrinsic  elastic  strain  in  the 
layers.  The  energy  characteristics  of  the  system  can  also  be  varied  by  applying  strong  electric  or 
magnetic  fields  to  the  structure. 

In  this  work  for  periodic  Ge-Gei.x.Si^  MQWS  we  investigated  the  influence  of  the  above 
factors  on  a  hole  gas  properties,  using  quantum  cyclotron  resonance  (QCR)  method.  The 
quantum  cyclotron  resonance  measurements  of  the  hole  effective  mass  and  the  quasipulse 
relaxation  time  are  compared  with  the  data  obtained  by  the  methods  of  classical  cyclotron 
resonance  and  Shubnikov  de  Haas  oscillations. 

The  Ge-Ge[.x.Six  heterostructures  described  in  earlier  works  [1,2]  were  essentially  partly 
relaxed  periodic  systems  of  alternating  layers  of  Ge  (dj  -ISnm)  and  Ge|..^Six  (d2  ~30nm)  with 
their  total  thickness  well  in  excess  of  tlie  critical  thickness  of  the  heterostructure.  The  parameters 
of  test  samples  and  the  characteristics  of  hole  gas  in  them  will  be  listed  in  Table  I  below. 

Table  1. 


No. 

d„  ,  mn 

Gc’ 

(y„„,GPa 

Os 

AEhi,meV 

8i2,meV 

Ef.,meV 

mhh!|/n‘io 

la 

18.0 

0.26 

12 

9 

7 

0.087 

2a 

16.8 

0.4 

21.4 

10 

7.5 

0.082 

3 

25.0 

0.74 

38.5 

5 

15 

0.072 

4 

18.0 

0.6 

34.0 

9 

1 

0.070 

On  the  Fig. la  it  is  shown  how  the  hole  energy  spectrum  in  Ge  layers  is  chairged  in  present 
of  uniaxial  (along  [III]  direction)  tensile  defonnation  and  due  to  the  spatial  confimnent. 

Our  ealier  investigations  into  the  Hall  mobility  of  holes  in  these  heterostructures  have 
shown  that  the  conductivity  processes  along  the  layers'  plane  are  connected  with  a  charge 
carriers  belonging  to  the  upper  split-off  subband  of  heavy  holes,  which  have  a  light  longitudinal 
effective  mass.  The  longitudinal  component  of  the  effctive  mass  of  2D  charge  carriers  in  these 
structures  and  its  dependence  on  Fenny  level  position  was  for  the  first  time  measured  in  the 
works  [3,4  ]  using  Shubnikov  dc  Haas  oscillations.  This  result  is  indicative  of  a  strong 
nonparabolicity  of  the  hole  dispersion  law  and  it  is  in  good  agreement  with  the  cla.ssical 
cyclotron  resonance  data  taken  on  these  structures  in  a  weak  magnetic  field  both  with  anci 
without  a  thermal  electric  field  [5.6], 
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Fig.l.  The  position  of  the  2D-subbands  (a)  and  the  Landau  levels  and  the  Fermi  level  (b)  in  Ge 
layers  of  the  sample  la,  calculated  by  the  Kon-Latinger  equation  [4], 


In  this  work  we  report  the  first  measurements  of  a  quantum  cyclotron  resonance  in  2D 
holes  in  the  Ge  layers  of  tlie  above-discussed  heterostructures  affected  by  a  strong  (to  10  T) 
quantizing  magnetic  field  [7].  The  quantum  cyclotron  resonance  was  measured  using  a  far  IR 
ripectrometer  incorporating  a  40  T  pulse  magnet  and  a  COj-laser-pumped  optical  resonator.  The 
figure  2a  demonstrates  a  typical  curve  of  the  cyclotron  resonance  versus  magnetic  field  for  one 
sample  obtained  at  a  119  mcm  frequency  at  T  ==  4,3  K.  The  widthlines  were  from  2.5  to  1.5  meV. 
This  result  correspond  to  holl  mobility  in  structure  about  10000  cm2/Vs  and  compearing  itselves 
with  data  obtained  other  methods. 

For  sumples  1,2  the  Fermi  energy  amounts  to  about  7  meV,  and  only  one  upper  hole 
subband  of  the  size-quantized  HH  subband  appears  to  be  filled.  The  LH  subband  in  the  (111) 
direction  splits  off,  since  the  uniaxial  strain  and  size  quantization.  The  splitt  off  energy  changes 
from  10  to  40  nieV  for  different  sumples. 

In  a  simple  band  model,  the  hole  spectrum  in  every  size-quantization  subband  under  a 
quantizing  magnetic  field  transforms  into  a  set  of  equidistant  Landau  levels  split  due  to  spin-orbit 
interaction.  Tlie  resonance  frequency  absoiption  in  this  case  is  most  likely  to  relate  to  transitions 
from  the  spin-orbit-split  zero  0  to  the  1  levels  of  magnetic  quantization. 

A  considerable  g-factor  in  Ge  and  strong  interaction  of  the  HI  I  and  LH  subbands  are 
providing  the  nonlincarly  dependence  of  the  Landau  levels’  position  on  the  magnetic  field,  which 
accounts  for  mixing  and  nonequidistance  of  the  magnetic  subbands.  These  effects  largely 
complicate  systematization  of  the  levels  spectrum  in  Ge  layers  under  a  strong  magnetic  field.  It 
can  be  seen,  in  particular,  in  the  Fig  lb.  where  the  position  of  the  magnetic  sublevels  and  the 
position  of  the  Fermi  level  L,  iu  the  upper  HH  subband  is  calculated  for  sample  la,  using  the 
Kor.-Latliiiger  equation  [4].  Fig.2a  suggests  that  radiation  absorption  at  the  cyclotron  re.sonance 
frequency  (hu)  “lOmcV)  in  a  7./1  T  magnetic  field  occurs  due  to  hole  transitions  both  between 
levels  - 1  and  ,k’  ami  hetween  levels  2c and  Oc,  4c  (Fig. lb). 
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Fig.2.  The  quantum  cyclotron  resonance  (a),  the  Shubnikov-de-Gaaz  effect  (c)  and  tlie  Quantum 
Hall  effect  (d)  versus  magnetic  field  in  sample  la;  the  longitudinal  effective  mass  of  HH  holes 
(along  the  Ge  layers'  plane)  as  a  function  of  the  energy  of  splitting  of  HH  and  LH  sufabands  (b). 


The  Landau  levels  corresponding  to  the  frequency  of  cyclotron  resonance  can  be 
systematized  using  measurements  of  Shubnikov-de-Gaaz  oscillations  in  this  heterostructure.  For 
the  above  sample  la  the  dependences  are  given  jnT^ig.2c.  Comparing  Fig.  2a  and  2c  we  see 
that  the  cyclotron  resonance  occurs  exactly  under  a  magnetic  field  that  provides  for  the  Fermi 
level  to  intersect  the  second  Landau  level  in  the  band.  The  cyclotron  resonance  line  width 
.  corresponding  to  broadening  of  a  Landau  level  is  close  to  the  width  of  the  peak  on  tlie 
dependence  Rxx(B).  The  exact  of  tlie  value  of  magnetic  field  at  the  cyclotron  frequency  to  the 
beginning  of  Hall  plato  i.vith  filling  factor  i=l  on  tlie  curve  Rxy(B)  implies  that  these  are  most 
likely  to  be  transitions  fi-om  the  Eenni  level  coinciding  with  two  Landau  level  in  this  case. 

We  made  CR  measurements  of  the  effective  mass  of  holes  on  samples  with  dif  ferent 
values  of  Oce  and  Aoe-  The  effective  cyclotron  mass  data  and  the  X-ray-diffraction  measurements 
of  elastic  deformation  in  Ge  layers  for  the  same  samples  are  provided  in  Table  I .  Comparing 
different  structures  (samples  1, 2,4)  we  see  that  a  growing  elastic  stress  for  the  same  thickne.ss  of 
quantum  wells  in  Ge  layers  causes  a  splitting  energy  of  tlie  HH  and  LH  subbands  to  increase 
roughly  from  10  to  40  meV,  thus  reducing  the  effect  of  the  lower  LH  subband  (mj  =  (1/2))  on  the 
characteristics  of  holes  in  the  upper  HH  subband  (mj  =  (3/2)).  In  the  experiment  we  observed  a 
clear  dependence  of  the  value  of  the  longitudinal  component  of  the  effective  mass  on  deformation 
in  Ge  layers  (the  splitting  energy  of  LH/HH  subbands).  Thus,  by  increasing  elastic  stre.ss  in  <  jc 
layers  through,  say,  the  use  of  Gci.^-Si^  layers  with  a  high  content  of  Si  and  by  simultaneoush' 
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reducing  the  quantum  well  width  and  the  concentration  of  a  doping  material  we  can  have 

str  uctures  with  the  longitudinal  effective^rnass  of  holes  near  its  threshold  value,  mi,,,  =  0.054  mo, 

which  corresponds  to  the  mass  of  holes  in  the  bulk  germanium  with  imiaxial  deformation. 

Conclusion 

1 .  'file  paper  reports  first  measurements  of  a  quantum  cyclotron  resonance  on  2D  holes  in 
Gc  layers  of  a  strained  Ge  -  Gci.^Si^  heteros^ructure. 

2.  Comparison  of  the  quantum  cyclotron  resonance  data  with  measurements  of  the 
Shubnikov-de-Gaaz  effect  allowed  to  identify  the  spectnim  of  tlie  levels  involved  in  resonance 
transitions. 

3.  We  provide  the  first  experimental  evidence  that  the  longitudinal  component  of  the 
effective  mass  of  2D  holes  in  Ge  layers  depends  in  value  on  the  energy  of  splitting  of  LH/HBf 


subbands. 

This  work  was  partly  supported  by  RFFI  (grant  No.96-02-19278)  and  INTAS  (grant 
No.95-0615). 
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Magnetic  states  of  two-dimensional  electrons  near  the  intersection 
of  quantum  well  by  slipping  plane 

D.  A.  Romanov.  E.  B.  Gorokhov.  V.  A.  Tkachenko,  and  O.  A.  Tkachenko* 

Institute  of  Semiconductor  Physics,  Novosibirsk,  630000,  Itussin 
*Novos!bi'-sk  State  University,  Novosibirsk,  6300.90,  Russia 

Insertion  of  crystallically  perfect  one-dimensional  obstructions  on  the  way  of  two-dimensi¬ 
onal  electrons  of  the  buried  quantum  well  by  means  of  slipping  planes  is  suggested.  Positions 
of  the  (in)  family  slipping  planes  are  deiermined  by  Franck-Read  .sources  which  are  s<;l  in 
action  by  conipre.ssing  Ihe  GaAs/AlGaAs  heteroslructure  in  a  lalera]  direclion  a!  healing 
above  400‘’C  [1,2].  The  shifl  of  the  cryslal  laltice  along  Ihe  slij)ping  planes  by  several  mono¬ 
layers  result  in  forTnatlon  of  lerracea  on  each  lieteroboinidary,  including  Ihe  surface  (Fig,  1). 
In  Ihe  quantum  well  ihe  adjacent  terraces  are  separated  by  asymme1ricobli<ine-shifl  narrow¬ 
ings  which  can  reflect  the  electrons.  Electron  transparency  of  the  systems  of  such  obstacles 
has  been  calculated  by  5-matrix  method  [3]  taking  into  account  the  excitation  of  additional 
transverse  modes  at  the  locations  of  narrowings.  It  was  found  that  the  obstacles  can,  wdth 
good  precision,  be  considered  as  one-dimensional  ^-barriers  with  magnitude  proportional  to 
the  square  of  the  shift  height  h,  t.e.  the  transmission  coefficient  T  ft;  ^yfi^y  +  where 

effective  magnitude  of  the  <f-barrier  G  <x  h^. 

Multiple  electron  reflestioiis  from  such  barriers  should  lead  to  2DEG  mobility  anisotropy 
in  the  plane  of  the  quantum  well  {x.y).  Applying  transverse  magnetic  field  allows  of  further 
increased  anisotropy  provided  that  kT jticOf.  "C  1,  because  the  motion  becomes  finite  along 
y-direction  within  magnetic  length  while  remaining  free  along  x-axis.  The  electron  wave 
function  is  chosen  in  the  form  =  i!^{y)e\p{ikxx).  Then  ^(y)  is  obtained  from  the 

OTie-dimeTisioTial  Schrodinger  ecpmtion 


dH 

2m  dy'^ 


where  u>c  =  eBlrnc  is  the  cyclotron  frequency,  /jg  =  y^(:h/\eB\  the  magnetic  hmgih,  an<l 
U{y)  =  —  ;(/«)•  The  energy  levels  vs.  longitudinal  momentum,  i.e.  vs.  po.silion  of 

.  the  magnetic  parabola  minimum  ye  —  were  calculated,  and  oscillal  ion.s  in  or 

were  lound.  According. to  perturbalion  theory  these  oscillations  (magnetic  valleys) 
are  Ihe  direct  exposure  of  total  probabilily  density  at  the  locations  of  rf-barriers  y,’;  Bn{px:)  - 
^fi2DEG  =  f?:|’I'n(yi)P-  Thus,  when  the  slipyiiiig  plane  spa-  ing  is  much  greater  than 

magnetic  length  the  response  in  E„(p„)  does  not  mix  with  those  from  other  J-barrieis  and 
has  remarkably  simple  form  of  squared  Hermitian  polynom  with  index  n  (Fig.  2).  So  obtained 
deviations  in  di.'-'persion  law  Er,{px)  from  Landau  levels  of  uniform  2I)EG  are  proportional 
to  the  magnitude  of  ^-barriers  and  sufficiently  large  to  be  measurable. 

The  deviations  should  exhibit  in  asymmetric  broadening  of  cyclotron  resonance  line  to¬ 
wards  lower  photon  energy.  Moreover,  increased  density  of  stales  at  the  extrema  of  E,,{pr) 
should  lead  to  the  magnetoresistance  oscillations  vs.  magnetic  field  additional  to  Sdll- 
o.scillations  [4j.  By  comparing  magnetooptical  and  rnagnetotransport  measurenunits  witli 
AFM  images  of  the  surface,  i.t.  with  the  values  of  shift-narrowings  in  tin;  quantum  Melt, 
one  could  vtuify  our  suggestion  about  the  possibility  of  making  and  u.^ing  ciHt-dinu'n'd. itia: 
(^-barriers  in  unifovni  2DKG. 
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AlGaAs  6°° 


Figure  1.  Schematic  view:  shift  of  the  ina-  Figure  2.  Disy)erHioTi  iaw  resjxnise  to  (he  siu- 
lerial  of  a  heterostructure  along  (HI)  slip  gje  slip  plane  located  at  t/o.  Magnetic  field 
plane.  £1  =  1  T,  the  thickness  of  GaAs  quantum 

well  10.2  nm.  slip  step  height  /<  ~  2.83  nin. 

Authors  thank  Z.  D.  Kvon,  A.  G.  Pogosov  and  S.  A.  Studenikin  for  discussions  and 
acknowledge  partial  support  from  Russian  Foundatioii  for  Basic  Research,  Grant  No.  9C>-02- 
19371a. 
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OPTICAL-BEAM-INDUCED  CURRENTS  IN  MODULATION  DOPED 
HETEROSTRUCTURES 

V.A.Sablikov^and  S.V. Polyakov 

Institute  of  Radio  Engineering  and  Electronics,  Russian  Academy  of  Sciences, 
Vvedensky  sq.  I,  Fryazino,  Moscow  district,  141120,  Russia 


Effect  of  optical  beam  illumination  on  modulation  doped  hetcrostructures  is  investigated 
using  2D  malbematical  model  we  have  developed  to  study  in  detail  the  spatial  distribution  of 
light-induced  charge  carrier  concentrations  and  electric  field.  The  lateral  transfer  of  the  light- 
induced  charge  carriers  (both  electrons  and  holes)  along  the  hetcrostructure  plane  is  investigated 
including  the  dynamic  regime.  A  qualitatively  new  result  is  in  finding  of  light-induced  vortex 
current  which  appear  in  the  buffer  layer  without  any  external  circuit.  This  current  may  be  high 
enough  to  affect  the  photoreflectance  response. 

This  investigation  is  motivated  by  the  current  interest  to  optical  excitation  effects  in  hcl- 
erostructures  which  may  be  used  for  contactless  characterization.  An  urgent  problem  is  in 
finding  such  effects  which  may  allow  one  to  determine  kinetic  characteristics  of  charge  carriers 
(the  mobility,  the  recombination  characteristics).  One  of  possibility  is  in  using  local  optical  gen¬ 
eration  of  charge  carriers  and  local  optical  probing  of  the  photo-induced  charge  carriers  at  some 
distance  from  the  exciting  beam.  In  this  case  the  measured  optical  response  is  determined  by 
the  charge  carrier  transport  and  hence  provides  information  about  the  transport  characteristics. 

The  scheme  of  the  structure  under  the  investigation  and  its  energy  diagram  perturbed  due  to 
the  action  of  the  light  beam  is  shovm  in  Fig.l.^ 


Fig.  1.  Energy  diagram  of  AlGaAs/GaAs  hetcrostructure  illuminated  by  the  light  beam 
and  the  arrangement  of  the  beam  and  hetcrostructure  layers. 

•E-mail:  vasl99@ire216.msk..su 

^Throughout  the  paper  the  right  half  of  the  hctcrostnieturc  is  or.ly  shown. 
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Electrons  and  holes  generated  by  the  light  beam  are  separated  by  the  built-in  electric  to  the 
opposite  surfaces  of  the  buffer  layer.  The  electrons  run  to  the  quantum  well  with  2D  electron 
gas  while  the  holes  go  to  the  opposite  surface  of  the  buffer  layer  where  they  are  stopped  by 
the  supcrlattice  buffer  layer.  Having  been  spatially  separated  the  electrons  and  the  holes  are 
transferred  along  the  heterostnjcture  plane  over  extremely  large  distance.  This  is  the  lateral 
transfer  effect  [1,2]  which  can  be  as  large  as  several  millimeters  even  at  room  temperature. 

The  2D  mathematical  model  (over  x  ~  z  plane)  was  developed  with  the  aim  to  simulate  the 
spatial  distribution  of  tlic  charge  candcr  concentration  and  electric  field  which  is  necessary  to 
interpret  the  photorcflcctancc  response  measured  locally.  In  the  model,  the  total  electron  system 
of  the  hctcrostructurc  was  divided  into  two  subsystems;  the  buffer  layer  bulk  and  the  2D  electron 
gas.  In  the  bulk  the  charge  carrier  transport  was  described  within  the  frame  of  conventional  drift-' 
diffusion  approach.  The  2D  electrons  was  supposed  to  be  located  at  the  lowest  quantum  level. 
They  move  along  the  quantum  well  due  to  drift  and  diffusion.  These  two  subsystems  are  coupled 
with  one  another  via; 

(i)  the  electron  transitions  through  the  conduction  band  and  the  recombination  transitions  to  tlie 
valence  band; 

(ii)  Poisson’s  equation  for  the  whole  system; 

(iii)  ihc  electron  cun'cnt  continuity  condition  at  the  boundary  surface. 

The  calculations  were  carried  out  with  using  conventional  parameters  of  AlGaAs/GaAs  het- 
crostriicturcs.  The  thermal  equilibrium  density  of  2DEG  was  obtained  by  self-consistent  proce¬ 
dure  for  various  positive  charge  rr  located  in  the  highly  doped  AlGaAs.  a  was  varied  from  10^° 
to  10'''*  cm“^,  the  active  buifer  layer  thickness  d  was  0.35  fim,  the  light  beam  radius  was  1  /rm, 
the  light  intensity  was  in  the  range  /=  10“‘*-10~'  W/cm^. 

The  basic  results  arc  as  follows: 

1.  The  main  perturbation  caused  by  the  light  beam  occurs  in  the  hole  concentration  and  the 
electric  field.  The  electric  potential  view  is  illustrated  by  Fig.  1.  The  stationary  distribution  of 
tlic  hole  concentration  p  is  shown  in  Fig.  2.  The  lateral  transfer  is  determined  by  both  the  hole 
diffusion  and  the  self-induced  drift  of  the  holes. 

2.  The  characteristic  length  of  the  lateral  transfer  is  estimated  as 

I  = 

where  r  is  effective  life  lime  of  spatially  separated  electrons  and  holes, 

,  eVi) 

PTd  cx.p-~ 

^  _ _ kfU _ 

S'^n"  +  pr[Bn'd  +  )  ’ 

hi)  is  the  built-in  potential  difference  across  the  buffer  layer,  n*  is  the  equilibrium  electron 
concentration  at  the  boundary  between  the  buffer  bulk  and  2DEG,  pj  is  tlic  Shockicj -Reed 
factor  of  the  surface  traps,  5i  and  Sy.  arc  the  surface  recombination  velocity  at  the  front  and 
hack  edges  of  the  GaAs  buffci,  respectively,  B  and  Bs  arc  interband  recombination  coefficients , 
in  the  bulk  atid  at  the  front  surface, 

3.  The  lateral  transfer  length  is  dependent  on  the  2D  electron  density  n,  due  to  m'o  factors 
which  determine  the  effective  lifetime:  2D  electron  density' directly  and  the  barrier  height  Kq- 
I  lie  fir.st  of  one  gives  rise  to  tho  dccrca.se  of  I  with  n  ,.  The  second  factor  leads  to  the  incrca.se 
of  /  with  Hi,  however  its  dependence  on  rt,  is  ambiguous. 
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Fig.  2.  Two-dimensional  distribution  of  the  light-induced  hole  concentration.  1  — 

10  ^W/cm^,  =  9  •  10’^  cm~^,  T’=300  K,  the  surface  recombination  was  neglected. 

4.  The  exciting  light  beam  generates  a  vortex  electric  current  whose  lines  aie  closed  inside 
the  buffer  layer.  Tire  current  lines  are  shown  in  Fig.  3.  The  origin  of  the  vortex  cunent  is 
seen  from  Fig.  1.  In  the  illuminated  region  of  the  sample,  the  electrons  and  the  holes  generated 
by  the  light  move  in  the  opposite  directions  giving  rise  to  an  electric  current  directed  along  the 
z-axis.  Due  to  the  lateral  transfer  of  light-induced  charge  carriers,  the  light-induced  voltage 
across  the  buffer  layer  extends  over  large  distance  from  the  light  beam.  This  voltage  generates 
the  current  which  is  directed  along  the  photovoltage,  i.e.  opposite  to  the  s-axis.  The  vortex 
current  magnitude  may  be  estimated  as  j  =  eP/hu,  P  being  the  light  beam  power. 


Fig.  3.  Lines  of  the  light-induced  current  for:  (a)  n,  =  9  •  10"  cm'^  and  (b)  n, 

5  •  10"  cm~^,  1  =  10“^  W/cm^,  7=300  K.  The  lateral  size  of  the  structure  was  chosen, 
to  be  20  /xm 
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This  current  generates  a  thermal  effect,  namely,  it  produces  a  heating  in  the  illuminated 
region  and  a  cooling  in  the  periphery.  In  its  magnitude  the  thermal  effect  of  the  vortex  current 
may  be  essential  to  affect  the  photoreflectance  lesponse. 

This  work  is  supported  by  the  Russian  Program  ’Physics  of  solid  state  nano-structures’  (grant 
No  97-1054)  and  Russian  Foundation  for  Basic  Research  (grants  No  96-01-00979.  97-02-17999). 
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Microwave  driven  dynamic  barriers  in  uniform  2DEG  as  electron 
beam  splitters  and  interferometers 

O.  A.  Tkaciienko.  D.  G.  Baksheyev,  M.  B.  Wojtsekhowski.  and  V.  A.  Tkaclienko* 
Novosihirak  SUtc  Uitivcrpity,  Novosihirfik,  630090,  liusr.in 
'‘Itislilute  of  demicoiiilnctor  Physics,  Novosibirsk,  630090,  Itiissia 

Studying  photon-assisted  election  transport  is  usually  limited  to  ciuaiitum  structures  in 
which  stationary  obstacles  are  placed  on  the  way  of  electrons.  Nevertheless,  in  tint  case  of 
viero  .slationary  potcnilial  llio  interaction  of  a  free  eleciron  with  a  sub-rnicroTnelcrriigion  of  a 
non-nnirorui  hf  field  V'(x)costj/  was  shown  to  lead  to  the  strong  Tiiodulalion  of  transTnission 
coefficienl  as  a  result  of  resonant  interference  between  difTerent  channels  of  the  <piasiener- 
gelical  wave  function  [1].  Thesis  effects  occur  arouiul  the  threshold  E  —  =  hw. 

Besides,  t lie  hf  field  profile  should  be  sharj>  enough:  the  snioolhing  of  the  edges  of  the 
hf  steps  or  hf  barriers  should  not  exceed  y/Kf{m‘u})  ^  37.5  nrn  for  m*  =  .067  m,  and 
/ioj  ^  1  meV.  Such  severe  requirements  can  be  satisfied  by  an  inclined  impingement  of  bal¬ 
listic  electrons  of  energy  3-4  meV  on  dynamic  barriers  in  the  two-dimensional  electron  gas 
of  a  GaAs/Ale).sGa(j.7As  heterostructure  (Fig.  1). 

Figure  1.  Suggested  scheme  of  experiment.  Solid 
linos  denote  the  surface  gates  that  make  static 
and  dynamic  inodulatioti  of  potential.  The  hf 
barrier  across  the  base  is  created  by  mean$  of  the 
strip.gatcs  A,  B,  and  C.  Gate  B  is  driven  with  the 
hf  voltage  from  the  antenna  (shown  on  the  top) 
exposed  to  120  GHz  microwave  irradiation  (fiw  = 

0.5  meV,  without  irradiation  these  gates  make 
no  obstacle  for  the  electrons).  Ballistic  ckxrtron 
Hows  from  injector  (1)  to  collector  (3-5)  conlarls 
arc  shown  by  arrows.  'I’he  arrow  directed  to  (4) 
shows  both  transmitted  and  reflected  particles 
which  lost  the  transverse  motion  energy  due  to 
emis.sion  of  hio.  Be.sidcs,  the  hf  barrier  generates  the  flows  of  the  particles  having  energy  Hj  bu 
from  the  2l)HG,  and  it  is  al.so  detected  by  collectors  2,  3,  and  5  (indicated  by  da.shed  line  directivity 
diagram). 

In  this  report  we  discuss  possible  manifestations  of  these  photon-induced  phenomena  iu 
2DEG  structures.  While  a  sharp  hf  step  can  serve  a  semi-transpaieiit  mirror  at  E  =  Tiw,  a 
rectangular  uynamic  barrier  V'0(a:}0(d  -  i) costal  with  the  amplitude  V  Jiuj  can  eitlier 
transmit  or  elastically  fully  reflect  the  particles  depending  on  the  value  k^d  (Fig.  2).  Thus, 
tue  hf  barrier  acts  as  an  interferometer  though  modulation  period  is  equal  to  the  electron 
wavelength  in  contrast  lo  half-wave  letiglh  iit  the  Fabry-Perth'  lype  inleiTeromeleTs.  For 
several  etpially  .s(»ace(l  dynamic  barriers  [eacb  of  width  d  Aj/4,  Ihe  spacing  fe  Aj./2, 
Fig.  3(c)]  the  windows  of  alTti('‘il  full  inela-slic  electron  refleclion  with  photon  emission  cari 
occur  at  (E  -  f/ia)/E  <  1  [Fig.  3(a)],  and  (|iiasilra})j>ing  of  .-leciroris  to  lh<;  ‘levels'  with 
siriall  negative  energies  E,-  =  E  -  fiw,  induced  by  I  be  bf  field  is  pvissible  at  /iw  >  E  [dijis 
I,  II  in  I'ig.  3(a)].  The  tatter  typr  resonances  are  characterized  by  stror  >;  localization  of 
the  particles  in  the  hf  field  regiou(curves  I,  II,  Fig.  3(b),  and  rcsc'iid.le  lh<'  ca))! ure-esriqn* 
resonances  in  the  pholon-a.ssisted  elertroti  scattering  on  a  lielerost  met  me  (juanlum  well  [2] 
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or  a  iionuniform  conslriclion  [3].  ExperimenUl  confirmation  of  these  theoretical  predictions 
may  give  a  new  understanding  of  electron-photon  interaction  in  quantum  structures. 


'‘igurc  2.  The  coeflicients  of  clastic  transmis- 
sian,  To,  versus  the  thickness  of  rectangular  hf 
barrier  d  at  H  =  hjj}  =  0.5  meV  (A*  cs  213  nm) 
and  Vfhijj  sa  0.2.  The  triangles  denote  values 
d  —  tnXx- 


1 

r  {|im) 


Figure  3.  (a)  Calculated  elastic  transtniission  To,  reflection  Ru.  and  inelastic  reflection  co¬ 
efficients  versus  the  energy  of  incident  electrons  E  at  photon  energy  hw  =  0.5  meV.  (b)  The 
time-averaged  probability  density  for  energies  marked  I,  II,  and  HI  in  (a).  Curves  I  and  11  re¬ 
semble  wave  functions  of  the  bound  states  in  a  well.  Exponential  decrease  of  curve  111  into  the  hf 
region  is  analcigous  to  evanescent  waves  in  a  crystal  at  Bragg  reflection.  The  amplitude  of 
the  hf  potential  is  shown  in  (c). 
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PECULIARITIES  OF  THE  QUANTUM  MAGNETOTRANSPORT 
IN  A  WIDE  POTENTIAL  WELL  Ge,.,Sy  p-Ge  /  Ge,.^i, 

M.V.Yakunin,  Yu.G.Arapov,  G.I.Hanis,  V.N.Neverov,  N.G.Shelushinina 
Institute  of  Metal  Physics  RAS,  Ekaterinburg,  GSP-170,  620219,  RUSSIA 

O.  A,  Kuznetsov 

Scientific-Research  Physicotechnical  Institute,  Nizhnii  Novgorod  State  University,  RUSSjA 

In  this  work  we  try  to  trace  out  what  new  properties  acquire  a  two-dimensional  hole 
system  in  a  quantum  Hall  state  when  the  thickness  of  the  layer  is  consecutively  increased  so  that 
the  system  transforms  into  a  quasi  two-dimensional  one.  For  this  purpose  we  investigated 
longitudinal  pxx  and  the  Hall  Pxy  magnetoresistances  in  a  set  of  CVD  grown  multilayer  samples 
with  a  following  structure:  substrate  Ge(lll)  /  buffer  Ge  ~  1.8|i  /  buffer  Gei.ySiy  0^1. bp  / 
Nx(Ge/Gei.xSix:B),  y  «  0,07,  x  =  0.07^0.10.  Thickness’  of  the  Ge  and  GeSi  layers  in  a  multilayer 
region  were  approximately  equal  and  varied  from  sample  to  sample  in  a  range  of  100  -j-  300  A. 
The  GeSi  layers  were  doped  with  boron  in  the  central  part  with  undoped  spacers  of  ~l/4  the  tOital 
layer  thickness  left  on  theirs  both  sides.  Some  sample  characteristics  are  summarized  in  the  table. 
The  Fermi  energy  and  the  strain-split  gap  6  were  deduced  from  the  period  and  temperature 
damping  of  the  weak  field  oscillations  [1]. 


Sample 

Number  of 
periods,  N 

F. 

cmWs 

10"cm-2 

Well  width 

d.A 

S 

Ep-Ei, 

meV 

8, 

meV 

4.9 

125 

2.2 

20 

2.8 

200 

2.3 

■■ 

8 

0.23 

0.7 

15 

3.4 

200(235) 

3.! 

7.7 

10 

0.30 

0.8 

90 

4.8 

220 

3.4 

7.2 

21 

0.9 

Quantum  Hall 
plateaus  concomitant  with 
the  pxx  minima  were 
observed  distinctly  at  T  < 
4K.  Important  is  that  for 
all  of  our  samples  the 
plateau  in  the  highest 
fields,  as  obtained  by  the 
multiplication  of  the 
measured  Hall  resistivity 
by  the  number  of  Cv 
layers  N,  corresponds  to 
the  fundamental  value 
25.8  kOhm  =  W  {fig.l). 
It  means  that  (i)  all  the 
layers  participate  in  the 
current  ttansfei 
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equivalently  anti  (ii)  the 
free  holes  do  not  collect 
into  two  separate  2D 
sheets  at  the  opposite 
interfaces  even  for  the 
widest  wells  investigated. 
Our  estimations  for  the 
samples  in  the  table, 
based  on  a  simple 
quasiclassical  approach, 
indicate  that  the  well 
bottom  bending  indeed 
does  not  exceed  the  Fermi 
level. 

Pto  minima  have 
different  periods  in 
inverse  field  1/B  for  high 
and  low  fields.  In  the  high 
fields,  when  all  the  levels.are  separated  by  mobility  gaps,  minima  positions  are  only  predetermined 
by  the  2D-gas  density  p,\  reBj/h  =  ps,  i  =  1,2,3..,,  and  they  do  not  depend  on  any  details  of  the 
band  structure.  Contrary,  in  the  low  fields  the  observed  minima  reflect  the  minima  in  the  envelope 
of  the  total  density  of  states  for  unresolved  levels  and  the  observed  periods  may  depend  on  the 
relative  level  positions.  In  the  simplest  case  of  a  single  spin-split-level  fan  chart  with  a  spin 
splitting  smaller  than  a  cyclotron  one  the  ratio  of  periods  in  the  high  and  low  fields  is  equal  to 
two:  Sh^Sl  -=  2,  Shx  =  /  A(l/fl),  M  —  the  through  successive  numbers  of  the  p^t  minima  This 

ratio  value  reflects  the  merging  of  levels  in  couples  and  indicates  that  the  numbering  in  low  fields 
would  be  done  more  correctly  with  a  step  of  2,  not  1.  The  value  of  Sff/Si  =  2  was  observed  in  a 

number  of  experiments  on 
2D  electron  and  hole 
gases  in  a  sufficiently 
narrow  well.  But  higher 
values  of  this  ratio  were 
found  for  wells  wider 
than  ~200  A.  It  was 
interpreted  as  an 
interference  v«th  some 
additional  subband.  In 
such  a  case  the  low  field 
period  is  connected  with 
this  additional  subband 
and  may  be  arbitrary 
higher  than  twice  the  high 
field  period.  In  a  2D 
electron  gas  the 
additional  subband  is 
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unambiguously  the  second  confinement  subband.  But  for  a  2D  hole  gas  there  is  one  more 
possibility  —  the  splitting  of  the  heavy  hole  band  due  to  an  ii.version  asymmetry.  Just  this 
interpretation  prevailed  so  far  [2]  with  an  assumption  that  the  manifestation  of  asymmetry 
increases  in  a  wide  well  due  to  increased  bottom  bending. 

Simultaneous  observation  of  the  quantum  Hall  effect  (QHE)  makes  the  analysis  of  the  pxx 
oscillations  more  unambiguous  and  transparent.  The  filling  factors  obtdned  from  the  heights  of 
Pxy  plateaus  now  may  be  used  as  the  numbers  of  pxx  minima  in  a  high  field  region.  Such  miniina 
numbers  bear  a  physical  sense  that  makes  it  possible  to  compare  unambiguously  identical  minima 
for  different  samples.  Rescaling  the  magnetic  field  relative  a  certain  minima  position  (e  g.  /  =  2) 
for  each  of  the  samples,  we  can  remove  the  differences  in  the  2D  gas  densities  and  only  compare 
the  structure  (i.e.  existence  or  absence  and' relative  amplitudes  of  oscillations)  of  the  p^^  curves. 
For  our  samples  these  curves  differ  radically  for  the  narrow  and  wide  Ge  layers  (fig.2).  The  same 
is  for  the  slopes  .S'//x(fig  3);  in  relative  1/B  scales  the  slopes  in  high  field  Sh  are  almost  equal  for 
all  the  samples  while  the  slopes  in  low  fields  .Stare  different  for  the  samples  with  narrow  and  wide 
wells.  The  ratio  ^2  for  the  narrowest  wells  but  it  increases  appreciably  for  the  wider  wells 
indicating  the  inclusion  of  an  additional  band  into  magnetotransport.  The  samples  in  the  table,  are 
arranged  in  strings  according  to  the  values  of  this  ratio.  Since  our  QHE  data  do  not  reveal  any 
influence  of  the  quantum  well  asymmetry  and  the  Fermi  level  is  higher  than  the  bottom  bending, 
we  will  try  to  compare  the  experimental  data  with  the  population  of  the  second  heavy  hole 
confinement  subband  estimated  for  a  rectangular  well.  For  the  simplest  parabolic  band,  symmetric 
in  all  3  dimensions:  {Ef-E,)  /  (JL2  -E,)  ~  (-Kh'pjm)  /  Oi^frllnK^)  =  But,  considering 

a  complicated  shape  of  the  hole  subbands  due  to  both  the  confinement  [3]  and  the  uniaxial  stress 
and  a  substantial  difference  of  the  in-plane  mass  f.om  the  bulk  one,  more  correct  estimations 
would  be  achieved  for  the  independently  evaluated  Ep;  as  is  done  in  the  table  for  the  values  from 
the  work  Ef-  E/'^.  The  values  of p.^  and  {Epf'^  -  Ei)  /  (E2  -  Ei)  increase  in  the  same  order 
as  Sh^Sl.  The  value  of  Sh/Si.  increases  abruptly  for  the  transition  from  the  sample  1 124  to  1123 
implying  the  beginning  of  the  population  of  the  second  subband.  This  corresponds  to  the  increase 
of  the  value  {2/37c)/j^  from  0.23  to  0.30  and  of  the  value  {Eff’^  ~  Ei)  /  {E2  -  Ei)  from  0.7  to  0.8. 
The  values  for  the  second  criterion  are  closer  to  1  indicating  its  higher  reliability. 

The  high  field  Pxy{B)  data  are  similar  for  all  of  our  samples  in  that  they  contain  plateaus  with 
/■  =1  and  2.  But  below  the  plateau  with  /  =  2  the  structure  of  these  curves  differs  significantly.  For 
tv/o  of  the  samples  1 006  and  1 1 24  the  plateau  with  /  =  4  comes  next  on  the  low  field  side  after  the 
plateau  with  i  =  2  and  the  other  even  numbered  plateaus  dominate.  For  the  other  two  samples 
1123  and  1003  the  next  after  plateau  /  =  2  comes  the  plateau  with  i  =  3,  plateau  with  /  =  4  is 
missed  and  the  odd  numbered  plateaus  dominate.  These  features  are  still  more  pronounced  in  the 
P(cx(^)  curves  tfig.2).  To  explain  this  we  calculated  the  Ge  valence  band  energy  spectra  for 
quantisation  by  both  a  magnetic  field  and  a  confinement.  The  model  of  the  rectangular  infinite'y 
deep  well  was  used  [4],  An  example  of  these  calculations  for  thq  sample  1123  is  presented  in 
fig.4.  The  behavior  of  tue  Feimi  level  corresponds  to  the  infinite'^'  sharp  Landau  levels  anu 
constant  total  hole  density 

As  follows  fi-om  the  calcuiations,  in  a  sample  1006  the  Fermi  level  does  not  reach  the 
second  confinement  level  and  the  levels  are  grouped  jn  couples  similar  to  the  Landau  level  picture 
for  a  conduction  band  with  a  small  spin  splitting.  That’s  why  the  even  numbered  peculiarities 
dominate.  In  a  sample  1 124  the  Fermi  level  approaches  the  second  subband  and  moves  within  it  in 
small  interv'als  of  magnetic  fields,  but  it  does  not  lead  to  any  essential  changes 
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The  situation  changes  radically  in 
samples  1123  and  1003  when  the  Fermi 
level  moves  within  the  second  subband  level 
in  a  considerable  part  of  fields  (fig.4).  In 
these  samples  this  additional  level  is 
imbedded  in  between  the  ground  subband 
Landau  levels  number  two  and  number 
three  (tlie  through  ascending  numbers  are 
meant)  and  divide  a  single  step  for  ;  =  2  in 
the  Fermi  level  motion  between  these  two 
levels  into  two  steps  with  /  -  2  and  /  =  3. 
That’s  how  the  peculiarity  /  -  3  arises  in  the 
experimental  data.  Another  consequence  of 
the  imbedding  an  additional  level  is  that  the 
step  number  4  no  longer  corresponds  to  a 
transition  at  the  distance  of  about  the 
cyclotron  energy  between  the  orbitally 
splitted  spin-couples  of  the  ground  subband 
but  to  a  transition  either  onto  this  additional 
level  or,  if  the  imbedded  level  is  lower  than 
the  Fermi  level,  to  a  transition  within  the 
spin  splitted  couples.  In  the  later  case  the 
numbers  of  peculiarities  (the  filling  factors) 
Fig.4.  Comparison  with  calculations  are  merely  shifted  one  unit  higher  since  the 

additional  level  arose  below  the  Fermi  level. 
For  both  cases  tlie  energy  distance  may  be  much  smaller  than  the  cyclotron  energy  and  the 
amplitude  of  the  peculiarity  with  /  =  4  may  become  vanishingly  small,  as  is  for  the  sample  1123. 
So  the  crucial  role  of  the  second  confinement  level  position  relative  the  Fermi  level  is  evident.  On 
the  other  hand,  its  position  is  very  sensitive  to  the  width  and  the  shape  of  a  quantum  well  that 
must  be  leflected  in  a  high  sensitivity  of  the  structure  of  experimental  curves  to  diverse  changes  in 
tlie  system.  Indeed  in  the  sauple  1003  with  parameters  not  much  different  from  that  of  the  sample 
1123  a  small  peculiarity  with  i  =  4  was  found.  In  the  insert  on  the  fig.4  showm  is  the  evolution  of 
magnetoresistivity  of  the  sample  1123  with  a  tilting  of  magnetic  field  from  a  normal  to  the  sample 
plane.  Evident  is  tliat  the  tilting  introduce.'?  some  changes  into  the  Landau  level  picture  that  revive 
the  peculiarity  with  i  -  4,  initially  absent. 
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Existing  intraband  semiconductor  lasers — i.e.  p-Ge  hot  hole  FIR  lasers  [1]  and  quantum  cascade 
lasers  [2]  have  their  own  drawbacks. 

Hot  hole  lasers  are  working  in  the  broad  region  in  FIR  (30-120  cm~‘);  but  they  are  helium 
cooled  pulsed  devices  (though  works  to  get  cw  p-Ge  lasers  are  under  way  [3]).  Quantum  cast;ade 
lasers  are  IR  sources  which  stop  operate  at  wavelengths  longer  than  around  10  fim.  So  there  is  a 
great  need  to  find  out  a  mechanism  which  can  provide  lasing  in  wide  IR  region  and  to  develop  a 
simple  semiconductor  lasers  which  could  fill  frequency  band  from  far  to  mid  IR  regions. 

In  the  process  of  investigation  of  high  electric  field  lateral  transport  and  real  space  transfer  in 
selectively  doped  p-type  InGaAs-  GaAs  we  came  across  seems  a  universal  population  inversion 
mechanism  which  could  serve  this  goal.  It  is  based  on  lower  heating  by  lateral  electric  field  of  the 
high  level  (states)  and  could  be  used  in  quite  broad  type  of  the  MQW  systems 

Though  real  space  transfer  (RST) — spatiaJ  redistribution  of  carriers  in  a  MWQ  system  (from 
well  to  barriers  or  in  the  reverse  direction  or  redistribution  between  nearby  wells)  by  lateral  electric 
field  E — is  studie-1  for  almost  two  decades  (for  a  review  see  [5])  to  the  authors  knowledge  till  works 
of  the  present  authors  [6,7]  nobody  has  discussed  so  far  a  possibility  of  population  inversion  and  a 
prospect  for  stimulated  FIR  and  mid  IR  (MIR)  emission  under  the  RST  (though  the  inversion  seems 
is  a  natural  consequence  of  the  RST);  also  so  far  none  has  observed  the  appropriate  spontaneous 
emission  under  the  RST. 

And  in  the  present  report  our  recent  results  on  the  consideration  of  a  possibility  of  population 
inversion  and  stimulated  IR  emission  under  RST  are  given  and  results  of  the  detailed  investigations 
of  current-voltage  and  spontaneous  FIR  and  MIR  emissions-voltage  characteristics  of  hot  holes 
in  p-type  selectively  ^-doped  InGaAs-GaAs  MQW  systems  under  RST.  Also  data  on  the  hot  hole 
photo! umineasnce  and  results  on  observation  of  absorption  of  the  FIR  radiation  in  the  MQW 
structures  under  RST  by  using  intracavity  spectroscopy  basing  on  p-Ge  laser  (which  seems  gives  a 
prove  for  FIR  radiation  amplification  in  the  “shallow”  sample  studied)  are  given. 
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Mid-infrared  spectroscopy  is  an  appropriate  tool  to  investigate  intraband  properties  of  quantum 
dots  since  it  provides  a  direct  measurement  of  confinement  energies  of  both  electrons  and  holes. 
Unlike  quantum  wells,  intraband  absorption  in  these  OD  confined  systems  also  appears  promising 
regarding  strong  in-plane  polarization  absorption  and  could  give  rise  to  a  new  generation  of  normal 
incident  infrared  photo  detectors.  In  addition  phonon  bottleneck  effects  originating  from  the 
reduction  of  dimensionality  could  lead  to  non-radiative  scattering  times  between  intraband  levels 
much  longer  than  in  the  case  of  quantum  wells.  This  situation  would  be  beneficial  for  achieving 
population  inversion  in  the  far-infrared. 

In  this  work,  we  have  investigated  the  mid-infiared  absorption  between  confined  levels  of 
undoped  InAs/GaAs  quantum  dots  obtained  by  self-ofganized  growth.  The  infrared  absorption 
is  measured  by  a  sensitive  photo-induced  infrared  spectroscopic  technique.  Quantum  dots  with 
different  sizes  are  investigated  as  a  function  of  temperature,  interband  pump  photon  energy,  in¬ 
tensity  and  infrared  polarization.  We  show  that  in  tht-  presently  investigated  90-250  meV  energy 
range,  the  quantum  dots  exhibit  intraband  absorption  between  confined  levels  polarized  along  the 
growth  axis  as  for  usual  conduction  intersubband  transitions  in  quantum  wells.  Based  on  their 
energy  position  and  their  temperature  dependence,  the  infrared  resonances  are  attributed  either  to 
intraband  transitions  between  confined  holes  or  to  bound-to-continuum  transitions  of  electrons, 
which  respectively  shift  to  high  energy  and  low  energy  as  the  dot  size  is  decreased  (figure  1). 

Due  to  the  strong  inhomogeneity  of  the  dot  sizes,  the  broadening  of  the  conduction  band 
transition  is  found  very  large  («  100  meV  full  width  at  half  maximum)  while  the  broadening  of 
intrab-uid  abst  ption  between  confined  levels  in  the  valence  band  is  found  around  1 5  meV.  We 
show  that  intraband  absorption  is  observed  for  either  selective  excitation  of  the  dots  or  excitation 
via  absorption  in  the  wetting  layer  or  in  the  GaAs  layers.  From  the  saturation  of  the  infrai  d 
absorption  a  dipole  length  «  0.5  nm  has  been  measured  for  the  xOOO  >-+  xOOl  >  hole  transition 
(figure  2).  These  features  are  found  in  agreement  with  effective-ma.ss  calculations  which  account 
for  the  geometry  and  strain  distribution  in  the  dots  as  reported  by  Grundmann  ctal,  (Phys.  Rev.  B 
52,  11969(1995)). 

Finally  we  will  show  that  the  assignment  of  the  observed  intraband  transitions  is  fuithci 
confirmed  by  separate  measurements  on  n-doped  quantum  dots. 
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Pig  1.  Mid-infrared  photo-induced  absorption  of  a  InAs/GaAs  QD  sample  with  large  dots  (4K 
PL  at  1.150  eV)  as  a  function  of  the  temperature.  The  pump  energy  is  1.504  eV,  its  intensity 
40  mW.  All  curves  correspon  to  a  polarization  perpendicular  to  the  layer  plane  (p).  The  in-plane 
pni&nzcd  absorption  (s)  is  shown  at  120  K.  The  resonance  around  120  MeV  is  the  ]000)  |001) 

hole  transition.  The  broad  peak  around  200  MeV  is  the  electron  bound  to  continuum  transition, 
nie  observed  shift  as  the  temperature  is  increa.sed  are  due  to  the  depopulation  of  small  dots  in  the 
disirihution.  'I  he  curves  have  been  offset  for  clarity. 


f  n;  .2  .  S;innTitiini  I'f  Ihe  uuantiini  dot  infrared  absorption  due  to  filling  of  the  |000)  hole  ground 
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Quantum  fountain  intersubband  stimulated  emission  in 
GaAs/AlGaAs  quantum  wells 

O.  Gauthier- Lafaye,  S.  Sauvage,  P.  Boucaud,  and  F.H.  Julien 
Institut  d'EIectronique  Fondamentale,  URA  CNRS  22 
Bat.  220,  University  Paris-Sud,  91405  Orsay,  France 

The  possibility  of  intersubband  emission  has  been  theoretically  investigated  as  early  as  1971  by 
Karazinov  and  Suris  [1].  In  1994,  electrical  pumping  of  InGaAs/AlInAs  quantum  wells  was 
demonstrated  to  lead  to  stimulated  intersubband  emission,  giving  birth  to  a  new  class  of  unipolar 
semiconductor  lasers,  the  so-called  quantum  cascade  (QC)  lasers  {2].  Optical  pumping  has  also 
been  proposed  to  achieve  stimulated  emission  between  excited  subbands  of  a  three-boutid- state 
coupled  quantum  well  structure  in  the  mid-infrared  spectral  range,  i.e.  for  intersubband  energies 
larger  than  the  optical  phonon  energy  [3].  By  carefully  engineering  the  LO-phonon  scattering  rates 
between  subbands  through  a  proper  choice  of  the  quantum  well  composition  and  layer  thicknesses, 
it  was  shown  that  the  conditions  for  population  inversion  could  be  fulfilled  in  a  so-called  Quantum 
Fountain  source.  However,  although  large  stimulated  gains  have  been  predicted  [3-5],  only 
observations  of  intersubband  spontaneous  emissions  at  A  «  14--15//m  have  been  reported  until 
recently  [6-8]. 

In  Ihis  paper,  we  report  on  the  obser\'ation  of  optical  gain  associated  with  the  intersubband 
stimulated  emission  in  optically  pumped  GaAs/AIGaAs  coupled  quantum  wells  [9].  The  three-level 
quantum  well  structure,  shown  in  Figure  1,  is  designed  to  present  faster  non-radiative  relaxation  of 
electrons  between  the  firsv  excited  subband  and  the  ground  subband  than  between  the  two  excited 
subbands.  The  stimulated  emission  measurements  have  been  carried  out  using  the  picosecond 
two-color  free-electron  laser  facility  in  Orsay  [10].  Optical  pumping  at  A  Ri  9.2 /tm  is  used 
to  bleach  the  absorption  between  the  ground  subband  and  the  second  excited  subband  resulting 
in  population  inversion  between  the  two  excited  subbands  which  can  be  probed  by  the.  second 
color  of  the  free-electron  laser.  For  increasing  the  interaction  length,  the  samples  are  designed  as 
infrared  waveguides  containing  the  active  quantum  wells.  The  stimulated  gain  at  liquid  niuogen 
temperature  is  analyzed  using  pump-probe  measurements  versus  the  waveguide  length  and  the  probe 
wavelength.  The  emission  occurs  at  A  w  12.5  /im  which  is  to  our  knowledge  the  largest  wavelength 
reported  so  far  for  an  intersubband  stimulated  emission.  Indeed,  in  contrast  to  electrically  pumped 
inverted  systems  such  as  QC  lasers,  the  optically  pumped  etrutters  do  not  require  metallic  contacts 
or  heavily  doped  contact  and  injectors  layers.  Free-carrier  and  plasmon  losses  can  be  reduced 
which  is  beneficial  for  long-wavelength  operation. 

The  infrared  waveguide  sample  was  grown  by  nrolecular  beam  epitaxy  on  a  GaAs  substrate 
n-doped  at  2  x  10’*  cm"^.  In  growth  order,  the  various  layers  are  a  5  fivn  thick  Alo.ijGao.i  As  claddii.^ 
layer,  a  2.5  y<m  thick  GaAs  core  layer,  the  multi-quantum  well  layer  and  a  2.9  /tm  thick  GaAs 
core  layer.  The  multi-quantum  vn.di  layer  consists  of  30  periods  of  coupled  quantum  wells  with 
7.7  nm  and  4.7  nm  thick  GaAs  wells  separated  by  i  1.1  nni  thick  AK,  iGanjAs  coupling  battier. 
The  21  nm  thick  Aln.iGaoj  As  barrier  .separating  each  period  is  mndulatitut  doped  at  5  nm  from 
the  wide  well  in  order  to  achieve  a  bidimensional  carrier  concenlratioa  of  x  10"  cm  '  in  the 
wells  which  corresponds  to  a  Fermi  energy  9.2  meV  alxwe  (he  ground  sul'band  at  77  K.  f'nergv 
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.TM  mode 


Fig  1 .  (left)  Conduction  band  profile  of  the  coupled  quantum  well  structure  for  Quantum  Fountain 
emission  and  in-plane  dispersion  diagram.  The  grey  arrows  show  the  dominant  relaxation  pathes 
via  LO-phonon  emission,  (right)  The  infrared  waveguide  sample. 


calculations  based  on  the  nominal  growth  parameters  show  that  the  coupled  quantum  well  structure 
exhibit  three  electron  bound  states  and  that  the  energy  of  the  ej— 02,  ei— es  and  ez— es  transitions 
is  respectively  45  rneV,  131  meV  and  86  meV,  in  close  agreement  with  measurements.  The  62 
subband  lies  36  meV  above  the  Fermi  energy  which  insures  both  negligible  thermal  population 
ofihe  f.i  subband  at  77  K  and  fast  relaxation  of  electrons  to  the  ground  subband  (tzx  «  0.7  ps) 
through  LO-phonon  emission  with  small  momemtum  transfer.  On  the  other  hand,  the  intersubband 
non-radiative  relaxation  between  the  and  ez  subbands  is  expected  to  be  longer  (^32  «  1  -5  ps) 
since  the  momemtum  transfer  is  much  larger 

Pomp-probe  experiments  were  carried  at  the  free-electron  lasei  facility  in  Ofsay  (CLIO),  This 
picosecond  infrared  laser  can  emit  simultaneously  at  two  wavelengths  which  can  be  independently 
tuned.  The  laser  delivers  macropulse^  of  «  10  /ts  duration  which  consist  of  picosecond  micropulses. 

Typical  peak  powers  fa  10  MW  can  be  obtained.  The  first  color  of  the  laser  is  set  at  9.2  fim 
in  order  to  bleach  the  ej  — '  63  absorption  while  the  second  color  probes  the  transmission  of  the 
waveguide  sample  at  the  63  ez  resonance  wavelength  (12.5  fim).  The  sample  is  cooled  at 
77  K.  71ie  pump  intensity  on  the  sample  input  facet  is  estimated  around  30  MW.cm"^.  The  probe 
transmission  versus  the  time  delay  between  pump  and  probe  is  presented  in  figure  2  (left).  The 
transmission  has  been  normalized  to  1  at  large  delays.  ■LAs  seen,  the  transmission  increases  when 
both  the  pump  and  probe  beams  are  synchroneously  incident  on  the  sample,  as  a  result  of  the 
stimulated  amplification  in  the  sample.  The  net  gain  is  of  the  order  of  1.5  for  a  sample  length  of 
0.7  mm  and  increases  to  3.5  for  a  2  mm  long  sample. 

As  shown  in  Figure  2  (right),  the  gain  spectrum  shows  a  resonance  at  12.5  /rm  which  corresponds 
to  the  stimulated  emission  at  the  ey  ez  intersubband  resonance  wavelength.  The  modal  gain 
of  the  sample  is  «  6cm"'.  Accounting  for  the  overlap  cross-section  of  the  TM  mode  in  the 
acti\e  layer,  the  stimulated  intersubband  gain  in  the  quantum  wells  is  deduced  to  be  of  the  order  of 

.'Kt.-m', 

1  iistttg  action  could  not  be  achieved  in  these  fret-electron  laser  experiments  because  the  pulse 
dniau  ai  v as  much  shsiter  than  both  the  excited  state  lifetime  and  the  photon  round-trip  time 
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Fig  2.  (left)  Waveguide  transmission  at  12.5  jum  versus  the  delay  between  pump  and  probe  for 
two  waveguide  lengths.  The  pump  is  set  in  resonance  with  the  e\ transition.  The  transmission 
increase  at  zero  delay  is  the  result  of  intersubband  stimulated  amplification,  (right)  Gain  spectrum 
of  a  2  mm  long  sample. 

between  the  cleaved  facets  of  the  sample.  Tlie  stimulated  gain  although  quite  large  can  be  further 
optimized  by  using  a  better  design  of  the  structure,  namely  by  increasing  the  oscillator  strength  of 
both  pump  and  emission  transitions. 

By  doing  this,  amplification  factors  in  excess  of  50  for  a  2  mm  long  waveguide  have  been 
recently  achieved.  The  modal  gain  in  these  optimized  samples  is  of  the  order  of  20  cm~‘  wliich  is 
more  than  sufficient  for  achieving  lasing  action  under  optical  pumping  by  a  CO2  laser. 
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